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Abstract

Given the complexity of the tumor microenvironment, multiple strategies are being
explored to tackle hypoxic tumors. One of the most efficient strategies combines several
therapeutic modalities and typically requires the development of multifunctional
nanocomposites through sophisticated synthetic procedures. Here, the G-quadruplex
(G4)-forming sequence AS1411-A (d-(G2T)sTG(TG2)4A) was designed and used for its
anti-tumor and biocatalytic properties, such as increasing the production of O3 ca. 2-
fold as compared to the parent AS1411 sequence. Subsequently, the AS1411-A/hemin
complex (GH) was grafted on the surface and pores of a core-shell upconverted metal-
organic framework (UMOF) to generate a UMGH nanoplatform. Compared with
UMOF, UMGH exhibited enhanced colloidal stability, increased targeting of tumor
cells and improved O production (8.5-fold) in situ. When irradiated with near-infrared
(NIR) light, the UMGH antitumor properties were bolstered by photodynamic therapy
(PDT), thanks to its ability to convert O into singlet oxygen ('O,). Combined with the
antiproliferative activity of AS1411-A, this novel approach herein lays the foundation

for a new type of G4-based nanomedicine.

Keywords: G-quadruplex; G-quadruplex/hemin; upconverted metal-organic

framework; photodynamic therapy; antiproliferative activity.



1. Introduction

G-Quadruplexes (G4s) are four-stranded structures formed by guanine-rich
strands which have emerged as a subject of intense interest in fields as diverse as cell
biology, chemical biology and bionanotechnology.'! G4-forming sequences are
abundantly present in both the human genome and transcriptome, thereby making them
a popular subject for genetic research in order to investigate their associated cellular
functions.’”) G4s have also been used to create nanodevices, which have been
effectively implemented as artificial enzymes, biosensors and drug carriers.l*l For
instance, several G4 aptamers, such as AS1411,[41 TBA,® apMNK_,[®1 S13,[71 S501"] and
AT11,33] have been reported to interact with cellular targets, resulting in therapeutic
effects through several mechanisms, one example being the inhibition of the anti-
apoptotic protein B-cell lymphoma 2 (Bcl-2).[4>80-dl These G4 aptamers display
desirable characteristics such as easy chemical access and modification, high cellular
uptake and serum stability, and low immunogenicity.[! Although G4 aptamers exhibit
specific recognition properties and potential therapeutic activity,!*! their application is
limited due to the complex tumor microenvironment, which makes them difficult to
deploy in a standardized manner. To address this challenge, we present the design,

synthesis and use of a multifunctional nanomaterial as a theranostic agent.

Nanomaterials such as metal-based nanospheres, carbon nanotubes and metal-

(191 functionalized with DNAs are gaining widespread use

organic frameworks (MOFs)
in nanobiotechnology. MOFs in particular are highly desirable nanocarriers owing to
their easy synthetic access, controllable pore size, large specific surface area, low
cytotoxicity and good biocompatibility, making them suitable for drug delivery,

35,111 Moreover, by coating them with G4-forming

catalysis and biosensing applications.
aptamers such as AS1411, MOFs can be used to specifically target cancer cells through
the interaction between aptamers and cell-surface G4-affinity receptors, such as
nucleolin.l'?! Porphyrinic MOFs can even be used in photodynamic therapy (PDT) as

they enable increasing loading of photosensitizers (PSs).['3] However, a limitation to

the broader use of PDT with porphyrin-coated MOFs lies in the necessity of visible



light activation, which restricts tissue penetration. To overcome this problem, near-
infrared (NIR) light irradiation would be a preferable option, thanks to its deeper tissue

penetration and lower induced tissue damage.!'¥]

Consequently, upconversion
luminescence nanoparticles (UCNPs) are viewed as the best option for converting NIR
light to the visible spectrum, thus enabling NIR-promoted PDT through fluorescence
energy resonance transfer (FRET) between UCNP and MOFs.['S1 However, the
efficiency of O2-dependent PDT is hindered by the highly hypoxic microenvironment

found in solid tumors.!'¢!

To produce O; in situ, nanomaterial-based catalysts employing either natural (e.g.,
catalase) or artificial enzymes (e.g., nanozymes) are commonly used, since they are
capable of producing oxygen in areas with higher concentrations of H»O such as
tumors.['72%] The use of catalase, in spite of its high efficiency for the conversion of

17¢] Nanozymes,

H>O: into O3 in tumor tissues, is limited by its physiological instability.!
such as ion-doped nanozymes (Fe"-C3Ns nanosheets),!'’d) composite nanozymes
(Prussian blue),l'’) MOF nanozymes (MIL-100 (Fe))!'’l and precious metal
nanozymes (Pt, Au@Rh),['’#M offer higher efficiencies, but their synthesis and colloidal
stability are more complex. Recently, the Liu group developed a polymer comprising

AS1411, hemin and chlorin ¢6 (Ce6), that can effectively convert tumor endogenous

H>0; into O> mimicking catalase in its action, and proved to be effective for PDT.[!8]

This system has the potential for further improvement. To capitalize on this, we
have taken the best elements from the approaches previously mentioned. As shown in
Scheme 1, we designed and constructed a G4 DNA termed AS1411-A (d-
(G2T)4TG(TG2)4A), derived from AS1411, which has already entered clinical trials for
cancer therapy.[*¢44% While preserving the attractive properties of AS1411 (i.e.,
targeting cancer cells, stabilizing nanoparticles, antiproliferative activity), AS1411-A
exhibited a substantially increased efficiency (ca. 100% increase) of converting H>O»
to O in the presence of hemin when compared to AS1411 (further elaborated on below).
Then, we anchored the AS1411-A/hemin complex on the surface and pores of the core-

shell UCNP@porphyrinic MOF (referred to as UMGH) with the aim of using this



construct to fight hypoxic tumors via a combined action of enhanced PDT and
antiproliferative activity. Upon irradiation at 980 nm (NIR region), a FRET
phenomenon enabled the sensitization of the porphyrinic MOF, resulting in the
generation of singlet oxygen ('0;). This PDT activity, when combined with the
anticancer activity of AS1411-A, created a nanoplatform with a high efficiency against
hypoxic tumors, as demonstrated here in vivo. These findings allow us to broaden the
possible use of G4s in resolutely multidisciplinary fields, with the UMGH developed

here representing a novel kind of theranostics agent.
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Scheme 1. Schematic illustration of (a) the roles of G4/hemin complexes in the present work, (b) the
core-shell UMGH nanoplatform, and (¢) the antitumor mechanism of UMGH nanoplatform. Hemin is
represented by a purple square, and G-quadruplex/hemin is expressed as G4/hemin; UCNP stands for
upconversion luminescence nanoparticle, MOF for metal-organic framework, and the G4/hemin
functionalized core-shell UCNP@MOF is referred to as the UMGH nanoplatform.



2. Results and Discussion

2.1. Synthesis and Characterization of UMGH NPs
We synthesized the core-shell upconverted metal-organic framework (UMOF) with

an individual UCNP as the core and porphyrin MOF as the shell, using a heterogeneous

nucleation approach.!'”l We then functionalized the UMOF with the G4/hemin (GH)

complex through a simple coordination approach with the terminal phosphate of G4

and the coordination of unsaturated Zr sites in 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 powder X-ray diffraction (PXRD)
and transmission electron microscopy (TEM) imaging (Figure S1). We removed the

oleic acid (OA) with nitrosonium tetrafluoroborate (NOBF,),?%! then coated the surface

of UCNP with 3,4-dihydroxyhydrocinnamic acid to form DHCA-UCNP (Figure 1b)

and PCN-222 (one Zr MOF) precursors, with tetrakis (4-carboxyphenyl) porphyrin

(HoTCPP) and 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 approximately 59 nm

with a near 100% encapsulation efficiency for the UMOF. Scanning electron

microscopy (SEM) and elemental mapping demonstrated a uniform distribution of

elements (Y, Yb and Zr) within the core-shell nanospheres (Figure S2).

Next, the core-shell UMOF with coordinatively unsaturated metal sites were
functionalized with terminal phosphate-modified GH to form core-shell UMGH.[?!l An
excess of GH was added to the dispersed UMOF and incubated for 24 h at room
temperature for the functionalization experiment. 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 DNA (Figure S3).

This efficiency was determined to be as high as 4.01 + 0.26 wt %, indicative of higher



loading capacity than our previous system with MIL-53 (Fe).’ TEM and SEM
analyses confirmed the core-shell geometry of UMGH (Figures 1d and S4). A PXRD
analysis further established that the crystalline structure UMOF was unaffected by GH
functionalization (Figure S5).[22) Both energy dispersive X-ray elemental mapping and
EDS line scan of UMGH confirmed that Yb, Zr, P, and Fe elements were
homogeneously distributed throughout the core-shell spheres (Figures le and S6)
testifying to the presence of two additional elements (P and Fe) belonging to the GH
complex (Scheme 1b). Further verification of the proper formation of UMGH was
provided by Fourier-transform infrared (FT-IR) analyses of GH, UMOF and UMGH.
As shown in Figure S7, UMOF-containing samples displayed the characteristic peaks
of Zr-O bonds (655 ¢cm™),?3**] and GH-containing samples showed a peak at 1056 cm-
1

corresponding to the C-N group of hemin,[>3¢! thereby confirming the successful

formation of UMGH.

Further information about the UMOF/GH interaction was obtained through
photoelectron spectroscopy (XPS) measurements: as depicted in Figure 1f, XPS
analyses demonstrated the presence of C, Zr and O elements within the UMOF, and of

two additional elements (P and Fe) in UMGH, confirming that GH complexes were
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Figure 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) core-shell UMGH. (e) 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) N2
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).

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 addition 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 between G4 and UMOF that weakens the density of the

electron cloud around Zr atoms (Figure S8a), leading to a decrease in the shielding
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effect on external electrons, thus boosting the binding energy of internal electrons.4
The peak O (1s) in UMGH further proved that GH/UMOF connection through P-O-Zr
bond (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, similar variations
of O (1s) XPS spectra indicated that GH bound with UMOF through Zr-O-P bonds.
Finally, the Fe (2p) spectrum was analyzed (Figure S8c), displaying peaks at 710.6,
716.8, 711.2 and 725.1 €V, which were attributed to Fe® 2ps/, Fe® 2pi52, Fe-N 2ps2 and

Fe-N 2pi.2, respectively, thus implying the presence of hemin within UMOF [226:23]

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 unfunctionalized UMOF
(1,976 m*/g) to UMGH (984 m?*/g), which was attributed to the GH loading within the
pores of UMOF. Additionally, their pore size distributions were around 27 A while the
pore volume of UMGH decreased markedly when compared with that of UMOF,
suggesting partial pore filling by GH complexes (Figure S9a). These results, together
with previous XPS data, indicated that GH complexes 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 mV, +11.1
mV and -33.9 mV, respectively, indicating a better dispersion of UMGH in aqueous
solution compared to UCNP and UMOF.®! 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 loading 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), proving
that GH increased the colloidal stability of UMOF. Moreover, no obvious change in
UMGH hydrophilic diameter was found in aqueous solution within one week (Figure
S9b), indicating the stability of this modification. Collectively, these results

demonstrated the successful synthesis of the core-shell UMGH nanoplatform, with GH



complexes present both on the surface and inside the pores of the UMOF.

2.2. The Functionality of G4/hemin Complex

We then shifted our focus to the catalytic activity of GH complexes. We verified that
GH complexes could indeed catalyze the decomposition of H>O> to produce O», as
previously reported.['®27] In an effort to enhance the catalytic performance of the
corresponding GH complexes, we optimized the nature of the G4 core (Figure 2a). To
this end, we studied a series of AS1411 derivatives by optimizing different terminal
base compositions (Table S1). Circular dichroism (CD) analyses confirmed their G4

structures (Figure S10).12%3] First, as seen in Figures 2b and S11, the catalytic
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Figure 2. Properties of AS1411-A/hemin complexes. (a) Schematic illustration of the conversion of
H>0» into O2 by GH complexes. (b) Initial velocity (Vo) of oxygen production in 2.0 mM HxO»
solutions after adding a series of AS1411 derivatives and hemin. “p < 0.01. (¢) Relationship between
initial velocity (Vo) of oxygen generation and H2O: concentration. (d-f) Antiproliferative activity
(ICs0) 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, and the proportion of apoptotic cells was the sum of early and late
apoptotic cells. (h)Targeting 4T1 breast cancer cells with AS1411-A (from left to right: DAPI and
FAM channels, bright field and merged channels).

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
(Vo) of oxygen production from 2 mM H>Oz increased to 0.13 mg L' s!, almost double

that of AS1411 (Vo = 0.07 mg L' s!). The catalytic activity was further analyzed by
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varying the H2O: concentration: the results seen in Figure 2c revealed that the Vo
increased with the increase of H>O» concentration and that AS1411-A has a superior
catalytic activity to AS1411. The catalytic mechanism explaining how H»>O, was
converted to Oz was that hemin bound to G4 was oxidized by H2O; to form compound
I (Fe'V=OPor*), which further reacted with another molecule of H2O> to produce O,

H>O and the regenerated enzyme.[?"]

Next, the antiproliferative activities of AS1411 and derivatives on normal cells
(MCF-10A) and on a 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 2¢, f
and S12). The ICso values of AS1411 derivatives were close to that of AS1411 (Table
S2). 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
via flow cytometry. The results showed similar properties for AS1411 and AS1411-A,
with a proportion of apoptotic cells (the sum of early and late apoptotic cells) of 53.9
and 51.3%, respectively, after incubation with 10 uM AS1411 and AS1411-A for 96 h,

respectively (Figure 2g).

Finally, we verified the targeting of 4T1 cells by AS1411-A, using optical imaging
with a FAM-labeled aptamer and cell adhesion monitored by the confocal laser
scanning microscope (CLSM). As seen in Figure 2h, the strong green fluorescence
within 4T1 cells confirmed the ability of AS1411-A to interact with cancer cells.
Collectively, these data demonstrate that the AS1411-A/hemin complex catalyzes the
degradation of H>O» to produce O, stabilizes UMOF in aqueous solution, targets and

triggers apoptosis of 4T1 cells.

2.3. The Multifunctional UMGH
The functionality of prepared UMGH was thoroughly investigated, predominantly

through a cascade catalysis process. This process consisted of two steps, the first being
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the production of O, from H>O, and the second being the FRET-mediated production
of 10, (from Oy). To assess the ability of UMGH to convert H>O> into O2, the amount
of O, produced by either UMOF or UMGH was measured in solution. Figure 3a
demonstrates that the dissolved oxygen 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 grafted GH in O, generation, and was
further corroborated by the noticeable O, bubbling observed after the addition of
UMGH (Figure S13).

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 upconversion luminescence (UCL) emission in the range of 510-565
nm (*Hii2, *S32 — “Lis2) and 650-675 nm (*Fo, — *115,2).12°1 This emission aligned

with the Q bands (500-700 nm) of the outer porphyrin MOF shells, suggesting a
potential energy transfer from the UCNP core to the porphyrin MOF shell (Figure S14).
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 efficient
energy transfer from the inner UCNP core to the outer porphyrin MOF shell. To confirm
this energy transfer, time-resolved photoluminescence measurements were conducted.
As seen in Figure S15, the UCL decay curves of UCNP and UMGH showed an obvious
reduction from 161 to 94 us 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 methods.??!

We then determined the effectiveness of UMGH to produce 'O, upon NIR
irradiation (980 nm). To this end, we employed the reagent singlet oxygen sensor green
(SOSG) to monitor 'O, production in the porphyrin MOF, under both normoxia and
hypoxia conditions, with or without laser illumination (0.5 W ¢m™). As depicted in
Figure 3¢, with UMGH in normoxia conditions, low and high 'O, production was

detected before and after 980 nm laser irradiation, respectively, indicating that light is
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an active trigger for 'O, production. This generation was much higher than that of MGH
(G4/hemin anchored Zr MOF), demonstrating the efficient energy transfer between
UCNP core and porphyrinic MOF shell. The 'O, generation of UMGH decreased to 11%
under hypoxia conditions (constant N> flush). However, this could be reversed by the
addition of H>O, (100 uM), confirming the strong catalytic activity of UMGH to
decompose H2Oz into O,. The 'O quantum yield (®a)) of UMGH was determined to
be 0.31 using methylene blue (MB) as a standard (Figure S16).2% 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 presence of 2,2,6,6-tetramethyl-4-piperidine
(TEMP) to trap !O> in water under a continuous N> flush and upon irradiation at 980
nm for 30 min in the presence of 100 uM H20O,. This result was close to these signals
detected in normoxia conditions with either UMOF or UMGH, in accordance with the
results of Figure 3c. As shown in Figure 3e, four distinctive peaks (1:1:1:1 ratio) were
evident on the spectrum of UMGH in the presence of 5,5-dimethyl-1-pyrroline N-oxide
(DMPO) in MeOH solution containing 100 uM H>O> 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 pM H»O>, suggesting that

the production of *OH radicals was minimal under these conditions (Figure 3f).

MOFs have emerged as promising photocatalysts activated by visible light. This
is due to the metallic nodes of MOFs acting as inorganic semiconductors and the
bridging organic linkers serving as antennae to harvest light energy and transfer it to
the metal clusters.*!l Given the semiconductor-like behavior of outer PCN-222 MOF
shell in UMGH,[?®312.32] it is reasonable to assume that upon exposure to NIR light,
photo-induced holes (h") and electron (¢’) may be generated. The light absorption
measurement of UMGH was conducted using UV-Vis diffuse reflectance spectroscopy
(DRS) (Figure S17a), which revealed the presence 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 using the Tauc plot method
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(Figure S17b). Additionally, Figure S18 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 Ecg = Evs — Eg, in
agreement with previous findings.[?*3 On this basis, we can postulate a mechanism
(illustrated in Figure 3g) for the catalytic production of 'O, by UMGH. We believe that
the anchored GH complexes convert H>O> to Oz with high efficiency; this O2 is then
converted into 'O, according to the following cascade: upon irradiation 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*™ photogenerated species. These species migrate
to the particle surface and collide with O>™ radicals (produced concomitantly with O»)
to produce 'O». The attractive core-shell UMGH nanoplatform is anticipated to enhance

PDT via the in situ generation of oxygen.
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Figure 3. Characterizations of UMGH properties: (a) Oz generation in PBS solution without or with
UMOF and UMGH in the presence of H2Os. (b) Luminescence (UCL) emission of UCNP, MOF, UMOF
and UMGH. (¢) Singlet oxygen ('O2) production was detected by SOSG indicator under normoxia and
hypoxia conditions before and after irradiation. (d-f) Electron spin resonance (ESR) spectra of (d)
TEMP-UMGH in aqueous suspension with or without H2O> and (e-f) DMPO-H20-UMGH in (e)
methanol solution and (f) aqueous solution, obtained after irradiation (980 nm) under Na. (g) Schematic
illustration of the possible mechanism by which UMGH converted H20: to Oz and then Oz is converted
to 'O2 under NIR irradiation. (h) Merged images showing the accumulation of UMOF and UMGH in
4T1 cells after incubation for 8 h at 37 °C. The corresponding images with Hoechst, UMGH and bright

field are shown in Figure S19 (supporting information).
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The ability of UMGH to target cancer cells was then investigated using optical
imaging, which detected the red fluorescence of the UMGH originating from the
porphyrin MOF. As illustrated in Figures 3h and S19, UMGH strongly accumulated in
4T1 cells compared to UMOF, indicating that G4/hemin complexes endowed UMGH
with good targeting ability toward cells. It is noteworthy that more black dots are visible
in the UMOF image, which may be ascribed to its aggregation outside the cells, further
indicating that the presence of GH complexes onto the surface of UMOF improved the
stability of the resulting UMGH in DMEM medium. Altogether, these results showed
that the simple UMGH nanoplatform can concomitantly trigger the -catalytic
degradation of H2O: to produce O and the conversion of O, in 'O, under 980 nm
irradiation, while also possessing a good targeting ability to cancer cells. This makes

the UMGH nanoplatform a good candidate for further biological investigations.

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 it has been internalized. As illustrated in Figure
4a, UMGH is degraded in the presence of 10 mM PBS due to the high affinity of Zr
(IV) for phosphate ions, which associate to form a low solubility adduct (Ks, =
107134).331 TEM images (Figures 4b, ¢) demonstrated 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). This was confirmed by
DLS results, which showed that the hydrodynamic size of UMGH markedly decreased
from 122 to 58 nm after being incubated in PBS for 24 h (Figure 4¢).

We can speculate that in cells, UMGH is degraded during endosome trafficking,
where the phosphate concentration is high. This is supported by CLSM images and an
endosome/UMGH colocalization experiment (Figures 4f and S20). After a 3-h
incubation of UMGH in 4T1 cells, partial overlap of green (lysotracker, lysosome) and

red (UMGH) signals indicated partial colocalization (Figure S20). As seen in Figure
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4f, the UMGH nanoplatform is stable in endosomes for 4 h; this is why we decided to
expose cells to NIR light (980 nm) for 4 h after the start of the UMGH incubation for

subsequent experiments.
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Figure 4. (a) Schematic illustration of degradation of UMGH in PBS and release of G4/hemin, which
originates in the high affinity of Zr (IV) to phosphate ions. (b and ¢) TEM images of UMGH before (b)
and after (c¢) incubation with 10 mM PBS solution over 24 h. (d) Degradation profiles of UMGH
incubated in either DMEM or 10 mM PBS. (e) Change in size 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).

2.5. In Vitro Therapy of UMGH

To go a step further, the concentration of O» in 4T1 cells incubated with UMGH
under hypoxic conditions was assessed through image-iT™ green hypoxia reagent. As
depicted in Figure Sa, both PBS- and UMOF-treated cells exhibited strong green
fluorescence; in contrast, after incubation with either GH or UMGH, the fluorescence
intensity was strongly decreased, indicating that G4/hemin and UMGH were indeed
capable of diminishing hypoxia in cells. The generation of intracellular 'O, was also
estimated via CLSM imaging (Figure 5b): a bright green fluorescence was observed

with UMGH- and UMOF-treated cells upon 980-nm irradiation only, the former being
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far higher than the latter, indicating the involvement of GH in the conversion of H2O:

into Oy.

As discussed above, part of AS1411 anticancer activity results from a lowered
expression of the Bcl-2 protein.[>!¥] To verify whether AS1411-A acts in a similar
manner, we performed immunoblotting experiments (with GAPDH as internal
reference) to measure the expression of Bel-2 within 4T1 cells upon several treatments.
Figures Sc-d demonstrated that 4T1 cells incubated with UMOF under NIR irradiation
(980 nm) exhibited 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 also experienced a pronounced reduction of Bcl-
2 expression following 980 nm light exposure. Additionally, MTT assays were
performed to confirm the lack of toxicity of UMOF (cell viability > 93%, Figure S21a)
and the antiproliferative 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) owing to the lack of targeting effect. Further, we also
observed that NIR irradiation enhanced UMGH toxicity (Figure Se): 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 combination of ROS production, hypoxia

attenuation and GH antiproliferative activity.
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Figure 5. In vitro studies of UMGH nanoplatform. (a, b) Intracellular O (a) and 'O: (b) generation by
UMOF, GH and UMGH with or without 980-nm irradiation: green signals provided by image-iT™
hypoxia reagent (a) and SOSG singlet oxygen indicator (b) (nuclei stained with DAPI; scale bars: 25
um). (¢, d) Western blot (¢) and quantified Bcl-2 expression levels (d) from 4T1 cells under different
treatments (GAPDH 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?
for 30 min). “p < 0.01, “p < 0.001.

2.6. In Vivo Therapy of UMGH

Taking into account the promising in vitro results of UMGH against 4T1 cell
proliferation, its anticancer effects were evaluated on tumor-bearing mice through
intratumoral injection. After collecting and measuring the feces and urine within 6 days
after injection of UMGH, approximately 72.6% of Y and 75.9% of Zr were excreted
through feces and urine analyzed by ICP-MS, respectively, confirming the degradation
of UMGH (Figure S22a, b). In comparison to UMOF, Y and Zr accumulation in tumor
one day post-injection of UMGH were much higher, demonstrating the tumor targeting
ability of UMGH (Figure S22c). 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 the mice treated with either UMGH without laser irradiation or UMOF after laser
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illumination was 48% and 29% of that of the control (PBS), confirming the
antiproliferative effect of GH within UMGH and of the PDT mediated by UMOF itself.
Notably, 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). No noticeable
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 the mice in every group (Figure 6c¢).

Next, the reduction of expression of Bcl-2 was evaluated in tumor slices by a Bel-2
staining assay (Figure S23a): 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 irradiation displayed weak green
immunofluorescence only, indicating reduced Bcl-2 levels. We also assessed the
changes in hypoxia tracking HIF-1a (Figure S23b): strong immunofluorescence was
seen within the PBS-treated and UMOF-treated cells with irradiation, while a low green
immunofluorescence was observed within those treated with UMGH without
irradiation and UMGH upon irradiation, demonstrating that higher O> concentration

relieved tumor hypoxia.

Afterwards, hematoxylin and eosin (H&E) staining experiments were performed
with tumor slices. This staining (Figure 6d) illustrated the serious structure damage
triggered by incubation with UMGH, UMOF and UMGH upon laser irradiation,
especially in the group of UMGH. Terminal deoxynucleotidyl transferase mediated
dUTP-biotin nick end labeling (TUNEL) staining experiments (Figure 6¢) confirmed
these results, showing that the UMGH-treated group with irradiation had the highest
apoptosis level.l'#22"] Both H&E and TUNEL experiments explained 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. Furthermore, the lack
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of apparent pathological abnormalities within other major organs (Figure S24)

reaffirmed the potential of UMGH as a PDT agent.
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Figure 6. Therapeutic effect of UMGH by 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 over 14
days. (¢) Images of tumors were collected from 4 groups of mice after different treatments for 14 days.
(d, ) H&E stained images (f) and (g) TUNEL assays of tumor slices collected from 4T1 tumor-bearing
mice treated with PBS, UMOF + laser, UMGH, UMGH and irradiation (scale bars: 100 pum).

3. Conclusion

In this study, we designed, synthesized and studied a novel G4/hemin (GH) complex
that displayed enhanced capacity for catalytically converting H>O into O, stabilizing
nanoparticles, targeting cancer cells, and killing them via an apoptotic pathway. Then,
the upconverted MOF (UMOF) was decorated with GH complexes and the resulting
core-shell UMGH nanoplatform was used to catalyze O, formation from H>O, and
further catalyze the generation of 'O, upon 980 nm NIR irradiation, which was
responsible for the enhanced photodynamic therapeutic activity of UMGH. Further, the
grafted GH within UMGH endowed it with improved chemical stability,
chemotherapeutic activity, enhanced O generation and targeting tumor ability.
Compared to most reported platforms, the UMGH system developed here has the
advantages of relatively low cost and simple synthesis. Additionally, the

chemotherapeutic activity and enhanced PDT of UMGH were validated both in vitro
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and in vivo, and these studies clearly showed that UMGH mediated remarkable
antitumor properties. This work thus provides a new landmark in the development of

G4-based nanomedicine.

4. Experimental Section

The main experimental procedures are introduced here, while other protocols are

shown in supporting information.

UMGH Synthesis: The synthesis method of UMGH was based on the reported
method of our group with several modifications.3®! Specifically, 2 mL of 1 mg mL"!
prepared UMOF was dispersed into 2 mL 10 uM G4/hemin solution, with vigorous
stirring at room temperature for 24 h. Subsequently, the products were gathered,
centrifugated and washed three times with water. Ultimately, the obtained products

were redispersed in water with 100 mM KCl for the following use.

Catalyzing the Decomposition of H>0: to Generate O>: The oxygen concentration
in PBS buffer solution was recorded in real time in the presence of different bio-
composites including AS1411/hemin with different sequences, UMOF and UMGH.
Briefly, these composites were added in 2.0 mM H>O; respectively, followed by N>
blowing for 30 min. The generated O2 concentration was immediately monitored by a

dissolved oxygen analyzer. The PBS with H>O> was selected as the control group.

Intracellular Oxygen Generation by UMGH: Image-iT green hypoxia reagent,
whose fluorescence was quenched by O; in live cells and tissues, was used as oxygen
indicator to monitor the oxygen production with UMGH. In brief, 4T1 cells were
pretreated with fresh culture containing UMOF and UMGH for 24 h in hypoxia
environment and then the medium was replaced with 5 uM image-iT green hypoxia
reagent for another 0.5 h. Then, their confocal fluorescence images were gathered with

the emission between 510 and 540 nm under excitation at 488 nm.

Antiproliferative Activity Test of AS1411 Derivatives: The antiproliferative effect

of AS1411 derivatives was evaluated using typical MTT assays. For the analysis, 4T1

22



cells were planted 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 incubated fresh DMEM medium containing 10
uM AS1411 derivatives for another 96 h. Then, 50 uL. of MTT stock solution (2 mg
mL ') was added to each well and incubated for another 4 h. Next, 150 uL. DMSO was
added to dissolve the precipitated formazan after removing the former culture medium.
The absorbance at 490 nm was detected on a microplate reader. All samples were

prepared in triplicate.

In Vivo Anticancer Effect in a Subcutaneous 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 approved by the experimental
animal center of Nanjing University of Chinese Medicine (Approval Number:
202208A041). To establish a 4T1 tumor xenograft mouse model, female BALB/c mice
(6-8 weeks-old) were inoculated with 4T1 cells (1.0 x 10°) subcutaneously into the right
flank position. After the tumor size reached 70-90 mm?, 4T1 tumor bearing mice were
randomly divided into four groups and treated as follows: (i) PBS, (ii) UMGH, (iii)
UMOF with laser irradiation, (iv) UMGH with laser irradiation. UMOF and UMGH
were injected intratumorally at a concentration of 2 mg mL™!. In the experiments,
tumors at 4 h post-injection were irradiated by the 980 nm laser (0.6 W/cm?) 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 two 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.

Supporting Information

Supporting Information is available from the Wiley Online Library or from the authors.
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TOC figure and legend

The G-quadruplex ASI1411-A (d-(G2T)4TG(TGz2)4A) keeps the enticing
antiproliferative properties of the parent aptamer AS1411 and produces twice as much
O in situ with hemin. This AS1411-A/hemin (GH) is then grafted on upconverted
metal-organic framework (UMOF) to construct a UMGH nanoplatform that exhibits
efficient anticancer properties combining both antiproliferative and enhanced PDT

activities.
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