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ABSTRACT

The dynamic interactions and adaptive regulation between tumor cells and the tumor microenvironment (TME)
contribute to the limited success of monotherapeutic approaches. In this study, we propose a domino-like cascade
reactor (RCT-AC@SnFez0.) based on RNA hydrogel. By designing a rolling circle template sequence encoding
monocarboxylate transporter 4 small interfering RNA (MCT4 siRNA) and microRNA-199a (miR-199a), an RNA
hydrogel carrier has been synthesized to load chlorin e6 (Ce6) and nanozymes (SnFe20.) for potentiating anti-
cancer efficacy. Upon exposure to intracellular dicer enzyme, the nanozymes and nucleic acid fragments within
the reactor are released. The photothermal effect of the SnFez04 not only enables photothermal therapy (PTT) but
also accelerates the decomposition of the RNA hydrogel. The released MCT4 siRNA silences MCT4 expression,
which induces tumor cell acidification and upregulating peroxisome proliferator-activated receptor y coac-
tivator-1la (PGCla) in mitochondria. This cascade reactions trigger substantial H202 generation to potentiate the
Fenton-like reaction mediated by SnFe20. for amplified chemodynamic efficacy (CDT). Remarkably, the reactor
depletes glutathione (GSH) to reduce tumor antioxidant capacity and amplify CDT efficiency. Concurrently, miR-
199a released from the reactor suppresses hypoxia-inducible factor 1-a (HIF-1a), and elevates intracellular ox-
ygen level, thereby enhancing Ce6-mediated photodynamic therapy (PDT). In vitro and in vivo experiments have
demonstrated a gene-facilitated “PDT-CDT-PTT” cooperative mechanism of this reactor, showing significant
potential for cancer therapy.

1. Introduction

overcome the TME barrier. For instance, metal-organic frameworks
(MOFs) and mesoporous silica nanoparticles (MSNs) have been engi-

Photodynamic therapy (PDT) and chemodynamic therapy (CDT)
have emerged as promising non-invasive strategies for precision
oncology, and their efficacy is severely constrained by the immuno-
suppressive and antioxidant tumor microenvironment (TME) [1-4].
Hypoxia impedes oxygen-dependent generation of cytotoxic singlet
oxygen (102) in PDT, while insufficient endogenous hydrogen peroxide
(H202) and glutathione (GSH) overexpression jointly suppress Fenton
reaction-mediated hydroxyl radical (-OH) production in CDT [5-8]. The
current lack of intelligent delivery systems capable of spatiotemporally
coordinating multiple therapeutic agents has emerged as a critical
hinder limiting the efficacy of synergistic therapies.

In recent years, researchers have attempted to integrate PDT, CDT,
and photothermal therapy (PTT) to amplify oxidative stress and
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neered to co-load photosensitizers and chemotherapy drugs [9-13].
However, these rigid carriers often suffer from premature drug leakage,
poor biodegradability, and an inability to dynamically regulate enzyme
activity or deliver genetic payloads. What's more, multi-module syn-
ergies are still subject to key mechanism obstacles, nanozyme is prone to
aggregation deactivation due to high surface energy [14-16], and the
existing systems lack spatiotemporal specificity active oxygen species
(ROS) strategy [17-19], which make it difficult to form dynamic
matching between different treatment modes in the three dimensions of
action site, timing, and dose [20]. How to accurately coordinate the
spatio-temporal effects of different treatment modules and optimize
their collaborative mechanisms are still facing challenges.

With sequence programmability, intelligent responsiveness and
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excellent biocompatibility, nucleic acid hydrogels provide an ideal
platform for multimodal therapeutic delivery [21-25]. The rotatable
polymer chains within these hydrogels ensure structural flexibility,
enabling precise co-encapsulation of photosensitizers [26,27], nano-
zymes [28,29], chemotherapeutic agents [30,31], and gene regulators
[32,33], coupled with environmentally responsive degradation for on-
demand payload release [34]. Through sequence-specific design, these
hydrogels can achieve cellular/tissue-targeted delivery, enhancing
therapeutic precision and efficacy [35-37]. Notably, monotherapy
relying solely on nucleic acid delivery suffers from protracted treatment
cycles, severely limiting the clinical utility of RNA hydrogels in malig-
nant tumor diagnostics and therapy. Thus, it is an urgent need to
combine RNA hydrogel delivery systems with other therapeutic mo-
dalities for developing new therapeutic strategies to overcome the lim-
itations of current therapies for malignant tumors.

Here, an RNA hydrogel-based domino-like cascade reactor RCT-
AS1411@Ce6@SnFey04 (designed as RCT-AC@SnFe;04) was con-
structed by incorporating SnFe:0. and chlorin e6 (Ce6) into a pro-
grammable RNA hydrogel, which integrated quadruple therapeutic
modalities such as gene regulation, PDT, CDT and PTT for enhanced
anticancer efficacy (Scheme 1). Circular DNA containing microRNA-
199a (miR-199a), monocarboxylate transporter 4 small interfering
RNA (MCT4 siRNA) and T7 promoter related sequences was used as
transcriptional template for amplification reaction. RNA hydrogel (RCT)
was transcribed and self-assembled to serve as smart drug delivery
carrier to load Ce6-loaded nucleic acid aptamer AS1411@Ce6 (AC) and
nanozyme SnFe;O4. The reactor targeted tumor cells via AS1411
aptamer, degraded hydrogels via intracellular nucleases to release
nanozymes, photosensitizers, MCT4 siRNA and miR-199a gene frag-
ments. The photothermal effect of the SnFe;04 could be used for PTT,
while the increased temperature promoted the disassembly of RNA
hydrogel. MCT4 siRNA induced tumor cell acidification by silencing
MCT4 and activated mitochondrial biosynthesis by upregulating
peroxisome proliferator-activated receptor y coactivator-la (PGCla) in
mitochondria, which led to increased HyO» production [38,39]. The
SnFe204 nanozyme leveraged its dual enzymatic activities of catalase
(CAT) and peroxidase (POD) to efficiently catalyze the conversion of
endogenous Hz0, driving in situ generation of eOH while simulta-
neously depleting intracellular GSH, a critical antioxidant reservoir.
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This cascade reaction consequently compromised the antioxidant de-
fense system of tumor and significantly augmented the CDT efficacy
through redox homeostasis disruption. The study indicated that miR-
199a directly targeted the 3'-untranslated region (UTR) of hypoxia-
inducible factor-la (HIF-1a), inhibiting tumor cell proliferation by
suppressing the HIF-la/vascular endothelial growth factor (VEGF)
signaling pathway [40]. The increase of Oy during CDT and the inhibi-
tion of HIF-1a mediated by miR-199a together promoted Ce6-mediated
PDT. This cascade reactor created a synergistic effect among gene
regulation, PTT, CDT and PDT, which not only solved the key barrier of
current TME targeted therapy but also used programmable nucleic acid
hydrogel to coordinate the “gene-PDT-CDT-PTT” interaction, breaking
through the limitations of a single treatment model and providing the
ideas for the next generation of biocompatibility diagnosis and treat-
ment platform.

2. Experimental section
2.1. Materials

T4 DNA ligase, rNTPs mixture and T7 RNA polymerase were pur-
chased from New England Biolabs. Ce6 was obtained from Shanghai
Yuanye Biotechnology Co. Ltd. Tin (II) chloride dihydrate (SnCly-2H50),
ferrous chloride (II) tetrahydrate (FeCly-4H20), ethylene glycol, and
5,5-dithiobis (2-nitrobenzoic acid) were purchased from Shanghai
McLean Bio-Technology Co. Ltd. Cck-8 Cell Proliferation Kit was pur-
chased from Gene-protein link Biotechnology Co., Ltd. Hoechst 33342
was obtained from Thermo Fisher Scientific. Distilled water was used in
the experiments after autoclaving. KCl, MgCl, and other chemicals were
analytical reagent grades.

2.2. Preparation of AC

AS1411 apt-Chol and 28 mM Tris-HCl buffer (pH 7.4 containing K*,
Mg?") were annealed at 95 °C and then slowly colded to room tem-
perature (RT). After Ce6 was added, the reaction was carried out at 25 °C
for 2 h. The mixture was finally ultrafiltrated by ultrafiltration tubes to
obtained the product AC, which was placed in a standby at 4 °C.
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Scheme 1. (A) Synthetic route of RCT-AC@SnFe;0,. (B) Schematic illustration of RCT-AC@SnFe,0, for gene-promoted synergistic cancer therapy.
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2.3. Preparation of RCT-AC@SnFe;04

RCT and AC were mixed, heated at 95 °C for 5 min, and slowly cooled
down to 25 °C to obtain RCT-AC. After RCT-AC was mixed with SnFe;04
and shaken at 37 °C for 90 min, the product RCT-AC@SnFe;04 was
washed by centrifugation (6000 rpm, 10 min).

2.4. Catalytic activity of RCT-AC@SnFez04

To evaluate the peroxidase activity of RCT-AC@SnFe304, the sam-
ples were reacted with 5 % H30,, and the O, generation was monitored
every minute for 30 min. In order to study the consumption of GSH, the
sample was reacted with GSH (1 mM) and DTNB (10 mg/mL) at 37 °C
for 8 h, centrifuged at 8000 rpm, and the supernatant was retained to
detect the UV-vis spectrum. Finally, the ROS generation capacity of
RCT-AC@SnFe;04 was evaluated. After the samples were mixed with
10 pL of DBPF, the extracellular 10, generation capacity was detected by
UV-vis spectroscopy. Meanwhile, MCF cells were cultured with RCT-
AC@SnFey04, then washed with PBS to incubate with DCFH-DA and
Hochest 33,342 for 25 min. The ROS generation of the samples was
observed by confocal laser scanning microscope (CLSM).

2.5. Cellular uptake behavior of RCT-AC@SnFe204

RCT-AC@SnFe;04 was synthesized using nucleic acid chains labeled
with FAM fluorescence. After 1 x 10° cells were co-incubated with
therapeutic drugs, the cell nuclei were stained with Hochest 33,342, and
finally CLSM and flow cytometry were used to observe the uptake of
RCT-AC@SnFe,04 by different cells.

2.6. Therapeutic effects of RCT-AC@SnFe204 in vitro

Firstly, cytotoxicity was assessed using the CCK-8 assay. After cells
were seeded into a 96-well plate, followed by co-incubation with the
drug, CCK-8 solution was added to incubate for 1 h. The absorbance at
450 nm was obtained through a microplate reader. Next, cell apoptosis
was detected using a dual fluorescent labeling apoptosis kit. After cells
were co-incubated with the therapeutic drugs in a 6-well plate, labeled
with the fluorescent markers, they were analyzed using flow cytometry.
Meanwhile, the co-incubated cells were stained with trypan blue, and
the cell status was observed under a bright-field microscope.

2.7. Therapeutic effect of RCT-AC@SnFe304 in vivo

All animals were obtained from Beijing Vital River Laboratory Ani-
mal Technology Co., Ltd. In vivo experiments were performed according
to the guidelines of the Institutional Animal Care and Use Committee
(2024010A012) approved by Linyi University. After one week of
adaptive feeding, all female mice were given estrogen injections, and 10
mg/kg of estradiol benzoate was intraperitoneally injected twice a week
for 2 weeks. 100 pL of MCF-7 cell suspension was subcutaneously
injected into mice, and 10 mg/kg of estradiol formate was intraperito-
neally injected every other day after inoculation. After 10 days, the
successfully inoculated mice were divided into groups at random and
treated as follows: Ce6 + 650 nm, RCT-AC + 650 nm, SnFe;04 + 808
nm, RCT@SnFe;04 + 808 nm, PBS RCT-AC@SnFe;04, and RCT-
AC@SnFe;04 + 650 nm + 808 nm. The status of the mice was contin-
uously tracked, and the solid tumor volume and body weight of the mice
were recorded. The mice were killed using CO, after treatment. The
tumors and major organs of the mice were dissected and separated and
fixed with tissue fixative. The fixed tissue structure was dehydrated,
embedded, and then sectioned. The samples prepared were stained with
hematoxylin-eosin (H&E) dyes and observed and photographed under a
bright field microscope.
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2.8. Statistical analysis

The data were presented as the means + standard deviations (SD)
from in vitro and in vivo measurements, which were also statistically
analyzed using Student's t-test. *p < 0.05, ** p < 0.01, ***p < 0.001
and ****p < 0.0001 were statistically significant and extremely signif-
icant, respectively.

3. Results and discussion
3.1. Synthesis and characterization of RCT-AC@SnFe204

This study engineered a circular DNA template capable of tran-
scribing sequences encoding miR-199a and MCT4 siRNA to generate
RNA hydrogel (RCT), with detailed nucleic acid sequences provided in
Table S1. The AS1411 sequence, enriched in guanine (G), was self-
assembled into G-quadruplex structure in the presence of K, enabling
the encapsulation of the photosensitizer Ce6 to form the AC. This AC
product was subsequently hybridized with RCT via Watson-Crick base
pairing, yielding the RCT-AC composite. Finally, SnFe-04 was loaded
onto RCT-AC through electrostatic interaction, culminating in the
fabrication of the cascaded therapeutic reactor, designated as RCT-
AC@SnFez0s. The RCT-AC@SnFe204 nanocomplex achieved tumor-
targeted cellular internalization through AS1411 aptamer-mediated
recognition. Following cellular internalization, endogenous dicer en-
zymes selectively cleaved the hydrogel scaffold, while the photothermal
conversion capability of SnFe,O4 under 808 nm laser irradiation further
accelerated hydrogel degradation, thereby triggering the release of
therapeutic gene fragments and encapsulated drugs.

AC and SnFe,04 were synthesized following established procedures
(Scheme 1A) [41,42]. The amount of Ce6 loaded onto the synthesized
AC was optimized with fluorescence and UV-vis spectrometric mea-
surements (Figs. S1 and S2). As the proportion of Ce6 increased, the
fluorescence intensity and UV-vis absorption gradually increased, and
the optimal ratio of AS1411 to Ce6 was 1:8, which ensured an ample
supply of photosensitizer essential for PDT achievement. Subsequently,
transmission electron microscopy (TEM) was used to visualize the in-
ternal structure and diameter of SnFe04, RCT and RCT-AC, respectively
(Fig. 1A-1C). The formation of nanoflowers with a porous structure of
RCT is facilitated by the generation of pyrophosphate anions (PPi*")
throughout the transcription process. The addition of cholesterol to the
end of AS1411 gave the hydrogel spatial confinement. Due to the hy-
drophobic effect of cholesterol, the size of RCT-AC was significantly
reduced. In addition, cholesterol improved in vivo transfection effi-
ciency and protected miRNA/siRNA from degradation. The scanning
electron micrography-energy dispersive X-ray spectroscopic (SEM-EDS)
mapping analysis showed the key elements C, O and N, DNA charac-
teristic element P, and the presence of Fe and Sn (Fig. 1D), demon-
strating the elemental spatial distribution characteristics of the domino-
like cascade reactor RCT-AC@SnFe;O4. Part of the Mg signal was
derived from magnesium pyrophosphate (Mg,PPi) formed during the
preparation of RCT nanoflowers. The results preliminarily confirmed the
successful synthesis of RCT-AC@SnFe;04. Agarose gel electrophoresis
was employed to characterize the transcription product, revealing
distinct electrophoretic mobility of the RNA hydrogel corresponding to
the varying molecular weight (Fig. S3). Due to the large number of
transcript copies produced by rolling circle transcription, RCT and RCT-
AC showed larger molecular weights than the template and/or primer,
leading to slower migration. The results confirmed the successful syn-
thesis of RCT and RCT-AC.

The incorporation of AC was verified with fluorescence and UV-vis
spectroscopic analyses. The stronger fluorescence and absorption in-
tensity of RCT-AC than RCT indicated that AC was successfully loaded
onto RCT (Fig. 1E and F). The Zeta potentials showed the negatively
charged surface of RCT-AC@SnFe504, which was weaker than that of
RCT-AC due to the positive charge on the surface of the SnFe04. The
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positive electrical properties of SnFe,O4 promoted its binding with RNA
hydrogel through electrostatic interaction. The results proved the suc-
cessful loading of SnFe;04 on RCT-AC (Fig. 1G), demonstrating the
successful synthesis of domino-like cascade reactor RCT-AC@SnFeo0y4.

3.2. Properties of RCT-AC@SnFez04

Firstly, the catalase catalytic properties of RCT-AC@SnFe204 were
validated by assessing its ability to catalyze the generation of Oy from
H20,, utilizing a dissolved oxygen meter (Fig. 2A). Upon the addition of
the nanozyme, the O, concentration in the solution increased continu-
ously. Incorporating the nanozymes into RNA hydrogel did not impair
the catalytic activity of SnFe;O4 with respect to the disproportionation
of hydrogen peroxide. The results demonstrated that RCT-AC@SnFe;04
had peroxidase catalytic properties. In addition, 5,5-dithiobis-(2-nitro-
benzoic acid) (DTNB) was employed as an indicator for the detection of
GSH consumption (Fig. 2B). After DTNB reacted with the sulfhydryl
group (-SH) in GSH, which showed the maximum UV-vis absorption
peak at 412 nm, yellow 5-thiobenzoic acid was produced. The addition
of nanozyme decreased significantly the UV-vis absorption at 412 nm,

indicating the obvious promotion of nanozyme to the consumption of
GSH due to the relatively high level of ROS.

The generation of singlet oxygen (105) in vitro was detected using
1,3-diphenylisobenzofuran (DPBF) as an indicator (Fig. 2C). The double
laser-irradiated RCT-AC@SnFe304 produced a large amount of 102
outside the cells, causing dramatic decrease of the absorbance of DPBF.
The fluorescence staining assay verified that RCT-AC@SnFe204 could
effectively generate ROS in living cells (Fig. 2D). In addition to the
cytotoxic 10, generated by photodynamic therapy, HyO5 could activate
CDT to produce in situ -OH through Fenton-like reaction, which was
detected using 2',7'-dichlorodihydrofluorescein diacetate (DCFH-DA).
DCFH-DA is non-fluorescent and can freely traverse the cell membrane.
After transfecting DCFH-DA into the cells, the intensity of intracellular
green fluorescence (2',7-dichlorofluorescein, DCF) is directly propor-
tional to the ROS levels [43]. Consistent with the results of the extra-
cellular assay, the DCF fluorescence intensity increased dramatically
after the cells were treated with RCT-AC@SnFe»04 and dual-wavelength
irradiation. However, in the absence of RCT-AC@SnFe;04, DCF fluo-
rescence remained constant at low levels. These results indicated that
RCT-AC@SnFe;04 could effectively generate multiple types of ROS
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In addition, methylene blue (MB) was used as an indicator to eval-
uate the ability of RCT-AC@SnFe304 to produce -OH. The absorbance of
MB was significantly reduced MB was incubated with RCT-AC@SnFe04
and Hy0,, while the absorbance of MB did not significantly change after
it was treated with HoO5 alone (Fig. 2E). Meanwhile, with the increasing
RCT-AC@SnFe;04 concentration and the decreasing solution pH, the
production of -OH gradually increased (Fig. S4). These results indicated
that RCT-AC@SnFe;04 could induce Fenton-like reaction in the tumor

microenvironment to effectively produced -OH through following re-
actions, revealing the possibility of RCT-AC@SnFe304 for CDT.

Fe** /Sn*" + H,0,—-OH + Fe** /sn**
Fe*" /Sn*" + H,0—~Fe*" /Sn** + 0,

Ces !
0,— O,
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Fe®* /Sn** + GSH—Fe** /Sn** + GSSG

The photothermal properties of RCT-AC@SnFe;04 were subse-
quently examined. After the samples were irradiated with an 808 nm
laser at a power density of 1 W/cm? for increasing time, the temperature
of RCT-AC@SnFe;04 gradually increased and showed obvious concen-
tration dependences. Specifically, when the concentration was 10 pg/
mL, the temperature rapidly increased by nearly 30 °C, while the tem-
perature change of the blank control group was almost negligible
(Figs. 2F and S5). Upon exposure to 808-nm laser, the maximum tem-
perature difference reached 40 °C within 10 min, and the temperature
returned to baseline within 10 min after ceasing laser exposure (Fig. S6).
From the linear plot of the time point of the cooling phase vs -In(6) (R? =
0.992) (Fig. S7), the conversion efficiency (1) of RCT-AC@SnFe04 was
calculated to be 23.62 % at 808 nm, which was slightly higher than 22 %
of gold nanorods [44]. Additionally, heating and cooling cycle curves
demonstrated the photothermal stability of RCT-AC@SnFe204, with
negligible change in photothermal conversion performance after mul-
tiple cycles (Fig. 2G). These results demonstrated that RCT-

A  Hoechst 33324 Ceb

s
w
O
=
S0 pm 50 pm
~N
o
-
S0 pm 50 pm
150+ a b c
d e f
3 .
2 100+ f A f ﬂ
3
-
>
3 57
o
0 T T T T T
2 4 8 12 24
F Time (h)
a b c
= 150 d e f -
®
z_ |
= 100 ¢ .
2 - A .
8 X
- »
T 50
(&)
0 T T T T T
2 4 8 12 24

Time (h)

Chemical Engineering Journal 523 (2025) 168338

AC@SnFe;04 possessed good photothermal performance and excep-
tional thermal stability.

3.3. Uptake and synergistic therapeutic effect of RCT-AC@SnFez04 in
vitro

To confirm the tumor cell-targeting capability of the RCT-AC@Sn-
Fe0y4, its uptake by tumor cells was assessed using LO2 cell line as a
control. The presence of AS1411 in RCT-AC@SnFe»04 imparted specific
recognition ability for nucleolin. After MCF-7 and LO2 cells were
cultured with RCT-AC@SnFe;04 for 2 h, and their nuclei were stained
with Hochest 33,342, MCF-7 cells showed stronger fluorescence than
L02 cells. The results indicated that RCT-AC@SnFe04 could target to
tumor cells through aptamer (Fig. 3A). Flow cytometric data confirmed
this phenomenon (Fig. 3B). Moreover, confocal laser imaging and flow
cytometry showed gradually increased fluorescence intensity in tumor
cells, indicating that RCT-AC@SnFep04 effectively accumulated in
tumor cells (Figs. S8 and S9). These results illustrated that RCT-
AC@SnFe304 could accurately target tumor cells to reduce toxic and
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Fig. 3. (A) CLSM images of MCF-7 and LO2 cells after RCT-AC@SnFe,04 treatment. Scale bar: 50 pm. (B) Flow cytometric analysis of MCF-7 and LO2 cells incubated
with RCT-AC@SnFe,0,. (C) Expression of miR-199a in MCF-7 cells incubated with PBS and RCT-AC@SnFe»04. n = 3. Student's t-test, ***p < 0.001. (D) Western blot
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side effects on normal cells.

Polyacrylamide gel electrophoresis (PAGE) analysis was performed
to verify the release of gene fragments in cells (Fig. S10), which showed
small nucleic acid products upon the addition of RNaselll, highly
consistent with the cleavage characteristics of Dicer enzyme in cells. It is
worth noting that this result validated the controlled release of gene
fragments in the intracellular environment, providing an important
experimental basis for subsequent enhancement of tumor therapeutic
effects. To examine the release of miRNA in cells, the expression of miR-
199a in cells was verified by qPCR assay. The primer sequences used in
the qPCR experiments were detailed in Table S2. The expression level of
specific miRNA-199a in tumor cells was significantly up-regulated after
treatment with RCT-AC@SnFe,04 (Fig. 3C). As a negative regulator of
HIF-1a, miRNA-199a effectively inhibited the synthesis of HIF-1a pro-
tein. Western blot analysis demonstrated a significant down-regulation
of HIF-1a and MCT4 expression in tumor cells following RCT-AC@Sn-
Fey04 treatment (Fig. 3D). The reduction in HIF-1a level suggested that
the treatment effectively alleviated hypoxia within the TME. Further-
more, the decreased MCT4 expression indicated impaired lactate efflux
capacity in tumor cells, which might alter intracellular pH homeostasis
and consequently suppress their invasive and metastatic potential.
Meanwhile, the changes of HyO, levels were examined after cell lysis
from different treatment groups. The intracellular HyOy contents in
different groups were significantly higher than that in PBS group, and
the double laser irradiation cascade reactor treatment group showed the
most significant increase (Fig. S11). The increase in HyO> level provided
a key prerequisite for subsequent ROS-based synergistic therapy. On the
one hand, the elevated HyO5 could be used as enough substrate for CDT
to generate highly cytotoxic -OH through Fenton reaction. On the other
hand, the gradient distribution of HyO5 also confirmed the differential
regulation ability of different treatment strategies on the tumor oxida-
tive stress microenvironment, which provided a molecular basis for
optimizing the combined treatment strategy. The changes in gene,
protein and compound levels provided important references for the
subsequent optimization of synergistic treatment strategies.

Next, the cytotoxicity of RCT-AC@SnFe;04 was evaluated using
CCK-8 cell proliferation-toxicity detection kit. MCF-7 under hypoxic
conditions and LO2 cells were incubated with different treatment
groups. Upon the incubation LO2 cells showed negligible difference
(Fig. 3E). Compared to Ce6 + 650 nm treatment group, the therapeutic
efficacy of RCT-AC + 650 nm on MCF-7 cells was enhanced, indicating
that the miR-199a sequence in RNA hydrogel facilitated Ce6-mediated
PDT. Additionally, SnFesO4 + 808 nm treatment group exhibited su-
perior therapeutic effect relative to RCT-AC + 650 nm group, which
could be attributed to the combined weak photodynamic effect, the
production of -OH via chemical kinetics, and the efficient photothermal
effect of SnFe;O4 + 808 nm treatment. Furthermore, compared to
SnFe;04 + 808 nm treatment group, RCT@SnFe;04 + 808 nm group
showed enhanced therapeutic efficacy, suggesting that the MCT4 siRNA
sequence in the hydrogel promoted SnFeyOs4-mediated CDT. It was
worth noting that RCT-AC@SnFe04 treatment group irradiated with
dual lasers had a significant inhibitory effect on the proliferation of
MCF-7 cells compared with other control groups (Fig. 3F). Meanwhile,
the accumulation of drugs in MCF-7 cells made the inhibition to their
growth more significant.

The apoptosis of MCF-7 cells was analyzed using double staining
with Annexin V-FITC and PI. First, forward scatter height (FSC-H) -for-
ward scatter area (FSC-A) was used to exclude cell aggregation and
select singlet states. Then the cells were initially gated on FSC/SSC to
exclude debris. Next, quadrants were established using unstained and
single-stained controls. Annexin V™~ /PIT, Annexin V*/PI', Annexin V*/
PI, and Annexin V™ /PI™ respectively represent necrotic, late apoptotic,
early apoptotic, and viable cells. Finally, fluorescence compensation was
adjusted by a single staining control to eliminate spectral overlap. The
total apoptosis rate was calculated as the sum of late and early apoptotic
cells. The results were consistent with those observed from in vitro
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cytotoxicity measurements, demonstrating that the RCT-AC@SnFe;04
+ 650 nm + 808 nm treatment group exhibited remarkable advantages
compared with other control groups (Fig. S12). To further elaborate the
therapeutic effects of different treatment groups on MCF-7 cells, trypan
blue was used as a cell viability dye for the assessment of cell membrane
integrity and MCF-7 cell viability [45]. RCT- AC@SnFe204 + 650 nm +
808 nm treatment group showed more number of cells stained in blue
than other treatment groups (Fig. 3G), confirming the potential advan-
tages of dual-laser irradiated domino-like cascade reactor RCT-
AC@SnFey04 in cancer therapy.

Compared with the traditional inorganic cascade strategies, such as
CupMoS4-based multifunctional bioreactor [46], the cascade reactor
showed unique advantages. The programmability of nucleic acid
sequence endowed the carrier the ability to target specific signal re-
sponses in TME, which achieved accurate release of drug/enzyme in the
lesion site, and thus significantly improving the treatment specificity
and reducing side effects. The hydrogel network could be loaded with
photosensitizers and nanozymes with high efficiency. The nucleic acid
backbone itself could also be used as a carrier for therapeutic nucleic
acids, which was expected to further achieve more flexible and powerful
functional integration of diagnosis and treatment.

3.4. Uptake and synergistic therapeutic effect of RCT-AC@SnFe304 in
vivo

The therapeutic properties of the cascade reactor RCT-AC@SnFe,04
were further examined using a mouse model with subcutaneous MCF-7
breast cancer tissue. Each group of mice was given different treatment
drugs, maintaining a consistent injection dose and injection frequency
(Fig. 4A). Inspired by the in vitro studies, the accumulation and reten-
tion capacity of RCT-AC@SnFe»04 at tumor location were examined,
which showed a continuous enhancement of RCT-AC@SnFe;04 fluo-
rescence within 0.5 h after tail vein injection, and reached the maximum
at 8 h (Fig. 4B). The semiquantitative analysis of fluorescence images at
the tumor site showed clear fluorescence signals at 0.5 h, which reached
the maximum at 8 h after RCT-AC@SnFe04 injection (Fig. 4C). In
addition, fluorescence imaging was performed on major organs and
tumor tissues of mice at 48 h after tail vein injection (Fig. 4D). The
semiquantitative analysis showed that RCT-AC@SnFe;04 had excellent
tumor targeting and enhanced retention (Fig. 4E). The excellent tumor
accumulation ability should be attributed to the targeting ability of
aptamer AS1411. The tumor size and body weight of each mouse were
monitored during the treatment (Figs. 4F and S13). Tumor growth was
observed to be inhibited to varying extents. Significantly, due to the
positive effects of various components in the cascade reactor, the syn-
ergistic effect of the RCT-AC@SnFey04 resulted in substantial tumor
suppression within 14 days. The exceptional anticancer efficacy of the
RCT-AC@SnFe;04 was further validated by the tumor weight post-
treatment (Fig. S14) and visual evidence from images of the tumors
and mice (Figs. 4G and S15).

Histopathological evaluation of tissues and organs were performed
after systematically therapeutic to assess treatment-induced histopath-
ological alterations. H&E staining analysis demonstrated that severe
tissue destruction occurred in the treatment group of the double laser
irradiated cascade reactor RCT-AC@SnFe;04 compared with PBS group
(Fig. 4H). TUNEL assay was performed separately on the tumors of each
group of mice (Fig. 4I). The apoptotic tumor tissue cells showed green
fluorescence, and the normal tumor tissue cells showed blue fluores-
cence. RCT- AC@SnFe;04 + 650 nm + 808 nm resulted in the highest
level of apoptosis. Semi-quantitative analysis indicated that the double
laser irradiated cascade reactor RCT-AC@SnFey04 significantly pro-
moted tumor apoptosis, which was consistent with in vitro results
(Fig. S16). The change of Ki67 expression level after tumor treatment
was an important indicator to evaluate the efficacy and prognosis. To
further validate the treatment effect, immunohistochemical analysis of
Ki67 was performed to assess the tumor cell proliferation. The results
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Fig. 4. (A) Schematic diagram of in vivo study of RCT-AC@SnFe,0,. (B) Fluorescence images of MCF-7 hormonal mice were observed after intravenous injection of

RCT-AC@SnFe,04. (C) Relative tumor fluorescence intensity based on in vivo fluorescence images in (B), n = 3. Student's t-test,

*p < 0.0001. (D) Fluorescence

images of tumors and organs at the end of the study (48 h after injection) and semiquantitative analysis (E), n = 3. Student's t-test, ****p < 0.0001. (F) Tumor volume
changes over 14 days after different treatments. Tumor volume: width? x length/2, n = 3. Student's t-test, ****p < 0.0001. (G) Representative photos of the mice
after various treatments. (H) H&E staining of tumor. Scale bar: 20 pm. (I) TUNEL and (J) Ki67 immunofluorescence staining of tumor tissues excised by different
treatments. Scale bar: 50 pm. a: PBS, b: Ce6 + 650 nm, c: RCT-AC + 650 nm, d: SnFe;O4 + 808 nm, e: RCT@SnFe,04 + 808 nm, f: RCT-AC@SnFe,04, and g: RCT-

AC@SnFe;04 + 650 nm + 808 nm.

showed the inhibited expression of Ki67 in tumors after treatment with
different drugs (Fig. 4J). Semiquantitative analysis showed significantly
reduced expression level of Ki67 in tumor tissues after treatment with
the dual laser irradiated cascade reactor RCT-AC@SnFe504 (Fig. S17),
suggesting that the reactor synergistically promoted the apoptosis by
inhibiting tumor cell proliferation, which might involve DNA damage
and cell cycle arrest caused by multiple effects of photothermal,
photodynamic and chemical kinetics.

After 14 days of treatment, blood biochemical parameters were
measured in PBS group and the dual laser irradiated reactor treated

group (Fig. S18). The blood analysis indicated that the routine blood
parameters of the two groups were maintained within the normal
physiological range. Thus the treatment did not cause obvious hema-
tological toxicity or systemic adverse reactions. Finally, the biosafety of
the cascade-reactor was tested by H&E staining of the main tissues and
organs (Fig. S19), no pathological abnormality was observed in H&E
staining of major organs of mice in all groups, and the body weight of
mice remained stable. These findings indicated that the RNA hydrogel-
based cascade reactor RCT-AC@SnFe»04 possessed good biosafety and
could enhance the cancer therapy.
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4. Conclusion

In summary, this study constructed a cascade reactor RCT-AC@Sn-
FepO4 by mixing photosensitizer and nanozyme in RNA hydrogel to
realize the synergistic treatment for malignant tumors. The interaction
between the components in the cascade reactor and TME was utilized to
form an intelligent and interconnected reaction network. After systemic
administration, intracellular dicer enzyme degraded the hydrogel, while
external 808 nm laser irradiation activated the reactor for PTT. The
elevated temperature accelerated the release of the drug, MCT4 siRNA
and miR-199a gene fragments from the hydrogel carrier. MCT4 siRNA
induced cell acidification and further promoted H3O, level in mito-
chondria by silencing MCT4. The SnFe;04 responded to the degradation
of HpO5 and GSH in cells and produced a large amount of -OH to achieve
gene promotion of CDT. In addition, miR-199a enhanced Ce6-mediated
PDT by inhibiting HIF-la expression and consumption of HzO2 of
SnFe,04 to increase intracellular O; level, which resulted in a synergistic
effect of gene promotion, CDT and PDT. The designed intelligent
domino-like cascade reactor maximized the use of each component of
TME, and significantly improved the therapeutic effect of cancer. This
study also demonstrated the potential of RNA hydrogels in the diagnosis
and treatment of malignant tumors.
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