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Purpose: The clinical application of small interfering RNA (siRNA) therapy is limited by instability, inefficient tumor targeting, and
inadequate responsiveness to the hypoxic tumor microenvironment. Therefore, this study aimed to construct a hypoxia-sensitive
polymer-based nanocarrier to improve siRNA delivery efficiency and enhance antitumor effects in colorectal cancer (CRC).
Methods: A hypoxia-sensitive polymer (mPEG-Azo-PEI) was synthesized and its cytotoxicity was assessed using the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. The polymer was loaded with siRNA targeting the
METTL3 gene to form nanoparticles, which were then optimized and characterized. Coumarin-loaded nanoparticles were also
prepared to study the cellular uptake in HCT116 cells under hypoxic conditions. The Antitumor effects were evaluated via MTT
and real-time polymerase chain reaction (RT-PCR) in vitro and in vivo, and a rectal cancer model was established using HCT116 cells
in nude mice. Tumor size, weight, and histology (HE staining) were assessed, and RT-PCR analyzed METTL3 ex-pression.
Results: The CMC of mPEG-Azo-PEI was 0.001687 mg/mL, indicating good self-assembly stability under dilution conditions. The
optimized mPEG-Azo-PEI@siRNA2 nanoparticles exhibited a mean particle size of 141.34 + 2.31 nm, a PDI of 0.213 + 0.011, and
a zeta potential of +21.76 + 1.76 mV. Hypoxia-triggered release reached ~95% within 24 h, compared with ~10% under normoxic
conditions. Coumarin uptake by HCT116 cells was enhanced under hypoxic conditions, indicating improved intracellular delivery. In
vitro, the nanoparticles inhibited tumor cell proliferation, with IC50 values of 1.133 (normoxia) and 0.481 (hypoxia) nM. In vivo,
mPEG-Azo-PEI@siRNA2 significantly suppressed tumor growth and improved body weight. RT-PCR confirmed the downregulation
of METTLS3, aligning with tumor suppression.

Conclusion: These results demonstrated that hypoxia-sensitive mPEG-Azo-PEI@siRNA2 nanoparticles effectively delivered
siRNA2 and inhibited HCT116 cell proliferation, offering a promising hypoxia-activated targeting strategy for colon cancer therapy.
Keywords: siRNA nanoparticles, mPEG-Azo-PEI, hypoxia, antitumor, drug delivery

Introduction

The most abundant apparent transcriptomic modification in eukaryotic MRNAs is 6-methyladenine (N6-
methyladenosine, m6A), which accounts for approximately 0.1% to 0.4% of all adenosines and occurs through
methylation at N6 adenine in RNA."? Although it was discovered in the 1970s, it was not until the development of enzy-
mology and high-throughput detection technology in recent years that m6A kinetics were truly connected with various
diseases, development, and cell processes in eukaryotes.”* Currently, scientists have identified more than 10000 m6A
peaks in human transcripts (25%). These peaks are mostly located on the common motif with RRACH characteristics
(R=G or A, H=A, C or U), wherein they are located in region of long exon, near the termination codon and 3
‘untranslated region.”® Methylation of m6A RNA has been implicated in various studies owing to its significant and
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multifaceted role in tumor formation and development.” As a dynamic and reversible process of modification,® the
methylation of m6A RNA proceeds from catalytic formation to functional realization, which is principally regulated by
mo6A methyltransferase complexes (encoders), m6A demethylases (erasers), and m6A reading proteins (readers). The
moOA methyltransferase complex can catalyze the modification of m6A in RNA with S-adenosyl-methionine as the
methyl donor.>° The main components are Wilms tumor-1-associated protein (WTAP) and methyl-transferase-like
protein-3 and-14 (METTL3 and METTL14).''" As a methyl-transferase was first discovered and the core subunit of
the complex, METTL3 plays a vital role in catalysis. Therefore, the m6A modification activity was almost completely
lost when METTL3 was knocked out.

Hypoxia is a common phenomenon in solid tumor tissues, and hypoxia in tumor cells may be regarded as one of the
initiating factors of malignant tumor progression. Hypoxia makes cancer cells more aggressive during epithelial-
mesenchymal transition (EMT), which plays a vital role in tumor invasion and metastasis process. During this process,
primary cancer cells transform from static epithelial cells to mesenchymal cells, amid their ability to migrate, and
demonstrate strong invasion potential. Recent studies have suggested a close relationship between EMT and the tumor
microenvironment. Hypoxia is one of the most important microenvironment characteristics of colorectal cancer
(CRC).12:13

In CRC, accumulating evidence indicates that methyltransferase-like 3 (METTL3), the core catalytic component of
the m6A methyltransferase complex, functions as an oncogenic driver. Elevated METTL3 expression has been associated
with enhanced tumor proliferation, invasion, and poor prognosis in CRC patients.'* Mechanistically, METTL3 promotes
CRC progression by regulating m6A modification of key oncogenic transcripts and activating tumor-promoting signaling
pathways, such as the JAKI/STAT3 axis.'> Moreover, recent studies have reported that METTL3 contributes to
chemotherapy resistance and immune evasion in CRC by modulating tumor microenvironment-related signaling
axes.'®!” In addition, CRC progression is frequently accompanied by therapeutic resistance, and tumor hypoxia is a well-
recognized contributor to aggressive phenotypes and treatment failure.'®

A growing body of evidence indicates a link between the survival rate of post-surgery patients and abnormal
expression of METTL3.""?* Thus, METTL3 as an effective tumor prognostic marker, may play a key role in tumor
initiation and progression.”’ Despite the therapeutic potential of siRNA, its clinical translation remains significantly
limited by several delivery-related challenges.”” RNA interference (RNAi)-based therapy, particularly small interfering
RNA (siRNA), enables sequence-specific silencing of disease-driving genes at the post-transcriptional level.”> Compared
with conventional small-molecule chemotherapy, siRNA offers high target specificity, the ability to modulate previously
“undruggable” genes, and reduced off-target cytotoxicity when appropriately delivered. In addition, chemo—gene
combinatorial regimens often require co-delivery of agents with distinct physicochemical properties, which complicates
formulation, dose matching, and spatiotemporal release control. In the context of CRC, siRNA-mediated suppression of
oncogenic drivers such as METTL3 provides a rational strategy to interfere with tumor proliferation, invasion, and
therapeutic resistance at the molecular level. However, efficient and safe delivery remains the principal barrier to clinical
translation. Naked siRNA is highly susceptible to rapid degradation by serum nucleases and exhibits poor systemic
stability in circulation.”* In addition, due to its negative charge and relatively large molecular weight, siRNA demon-
strates limited cellular uptake and inefficient membrane permeability.”” Even after internalization, siRNA is frequently
trapped within endosomes, resulting in insufficient cytoplasmic release and reduced gene silencing efficiency.?
Furthermore, in solid tumors such as CRC, the abnormal tumor microenvironment, including hypoxia, high interstitial
pressure, and poor vascularization, further restricts effective drug penetration and distribution.?” Therefore, overcoming
these biological barriers represents a critical challenge in the development of effective siRNA-based therapeutics. In this
regard, we sought to construct a hypoxic environment-sensitive polymer, which can be used to wrap siRNA that targets
the METTL3 gene, and thus prepare nanoparticles for tumor-targeted delivery.

Current therapeutic strategies for CRC include surgery, chemotherapy, targeted therapy, and immunotherapy.
Combination approaches such as chemo-gene therapy have been investigated to enhance therapeutic efficacy and
overcome drug resistance by simultaneously targeting multiple oncogenic pathways.”® Immunotherapy has also emerged
as an important treatment modality, however, its efficacy in CRC remains limited to specific molecular subtypes, such as
microsatellite instability-high (MSI-H) tumors.”” Complementarily, siRNA-based strategies offer a direct means of
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silencing oncogenic drivers irrespective of mutational status, and may complement or sensitize tumors to existing
therapies. Phototherapy-based strategies, including photodynamic and photothermal therapy, have also been explored
for CRC treatment owing to their spatial selectivity and minimal invasiveness.’® These limitations further highlight the
importance of microenvironment-responsive systems capable of functioning in hypoxic tumor regions. In this setting,
siRNA-mediated gene silencing provides a rational approach to suppress oncogenic drivers and resistance-associated
pathways at the mRNA level, with target specificity determined by sequence design. In addition, siRNA-based
interventions may be integrated with established modalities to enhance treatment responses and broaden benefit beyond
subsets of patients who respond to current therapies.

Compared with conventional siRNA delivery systems, the present study introduces a hypoxia-responsive mPEG-Azo-
PEI nanoparticle system that enables environment-triggered release specifically under tumor hypoxic conditions. By
integrating tumor microenvironment responsiveness with METTL3 gene silencing, this strategy aims to enhance
therapeutic specificity, improve intracellular release efficiency, and overcome key biological barriers associated with
siRNA therapy in colorectal cancer. To our knowledge, this work represents a novel approach that combines hypoxia-
targeted polymer design with epigenetic gene regulation for CRC treatment.

Materials and Methods

Materials

Shanghai Macklin Biochemical Technology Co., Ltd. provided azobenzene-4,4-dicarboxylic acid, methoxy polyethylene
glycol amine (2000 Da), polyethylene imine (1800 Da), 1-ethyl - (3-dimethyl-aminopropyl) carbo-diimide (EDC),
triethylamine (Et3N), pyridine, N, N-dimethyl amide (DMF), 1-hydroxy-benzotriazole (HOBt), pyrene, tetrahydrofuran,
trypsin, and TBE buffer. Human Keloid Fibroblast cells (HKF, Catalog number: CP-H235), Human Colon Tumor Cell
Line 116 (HCT116, Catalog number: CL-0096), Dulbecco’s modified eagle medium (DMEM), and roswell park
memorial institute 1640 Medium (RPMI-1640) were supplied by Procell Life Science &Technology Co., Ltd. (China).
All the cell lines were authenticated and tested for mycoplasma contamination before use. Lipofectamine 2000 and the
TRIzol reagent were purchased from Invitrogen. Chloroform, isopropanol, 75% ethanol, diethyl pyrocarbonate (DEPC)
water, acetate buffer, and phosphotungstic acid were purchased from Sinopharm Chemical Reagent Co. Ltd. Reverse
Transcription Kits were purchased from Nanjing Vazyme Biotechnology Co. Ltd. SYBR Premium Ex Taq was supplied
by Takara. MTT, DMSO, and Phosphate-buffered saline (PBS) were purchased from Beijing Solarbio Technology Co.
Ltd. 4’,6-diamidino-2-phenylindole (DAPI) staining solution, Triton X-100 and 5-fluorouracil (5-Fu) were purchased
from Biyotime Biotechnology Research Institute. f-Nicotinamide adenine dinucleotide, reduced form (NADH; Aladdin
Biochemical Technology Co., Ltd., Shanghai, China; Cat. No. N106933) and nitroreductase (NTR; recombinant,
expressed in E. coli; Sigma-Aldrich (Merck), St. Louis, MO, USA; Cat. No. N9284; specific activity >100 U/mL)
were purchased from Aladdin and Sigma-Aldrich, respectively. Anti-METTL3 antibody (Cat. #86132) was purchased
from Cell Signaling Technology (CST, USA).

Synthesis of mPEG-Azo-PEI
Azobenzene-4,4 ‘-dicarboxylic acid (20 uM) was dissolved in pyridine, EDC (20 uM), NHS (20 uM), and a catalytic
amount of DMAP was added. The carboxyl group was activated by stirring for 1 h. mPEG-NH2 (MW, 2.0 K) (10 uM)
was then dissolved in chloroform and added dropwise to the pyridine solution described above for overnight reaction
at room temperature. After the reaction, the solvent was removed by rotary evaporation and the product mPEG-Azo
was purified by dialysis using pure water. The mPEG-Azo was purified by dialysis (MWCO 3.5 kDa) against deionized
water for 48 h with frequent water changes (more frequent changes in the first 12 h, followed by changes every
8-12 h thereafter). After dialysis, the solution was lyophilized to obtain mPEG-Azo.

After dissolving mPEG-Azo (5.3 uM) into pyridine, EDC (10.6 uM), NHS (10.6 uM), and a catalytic amount of
DMAP were added. The carboxyl group was activated by stirring for 1 h. PEI (MW, 1.8 K) (5.3 uM) was dissolved in

chloroform, added dropwise to the pyridine solution described above, and the reaction was stirred overnight at room
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Figure | Synthesis of mPEG-Azo-PEIl. (A) Schematic illustration of the synthetic route of mPEG-Azo-PEl. (B) Chemical structure of the final product.

temperature. After the reaction was complete, the solvent was removed by rotary evaporation and the product mPEG-Azo
-PEI was purified using the procedure described above (Figure 1).

Determination of Encapsulation Efficiency and Drug Loading
The encapsulation efficiency (EE) and drug loading (DL) of mPEG-Azo-PEI@siRNA2 nanoparticles were determined by
measuring the amount of free siRNA in the supernatant after centrifugation. Briefly, the nanoparticle suspension was
centrifuged at 15000 rpm for 15 min at 4 °C, and the supernatant containing unloaded siRNA was collected. The
concentration of free siRNA was quantified by UV spectrophotometry at 260 nm. The amount of siRNA loaded into the
nanoparticles was calculated by subtracting the amount of free siRNA from the total amount of siRNA initially added.
EE and DL were calculated according to the following equations:

EE = (Amount of siRNA loaded / Total amount of siRNA added) x 100%

DL = (Amount of siRNA loaded / Total nanoparticle weight) x 100%

Cytotoxicity of mPEG-Azo-PEI

HKF and HCT116 cells at the logarithmic growth stage were inoculated into 96-well culture plates at 5x10*/well density.
Using 5% carbon dioxide incubator, we inoculated the cells at 37 °C for 24 h. After full attachment of the cells to the
plate wall, various concentrations of the polymer solution (0.1, 0.2, 0.5, 1, 5, 10, 20, and 50 pg/mL) were added. The
control group consisted of untreated cells, and each experiment was performed in triplicate. Cells were cultured for
48 h under both normal and hypoxic conditions. After discarding the culture medium, 200 nL. DMEM was added to each
well. Subsequently, 40 pL of MTT solution was added and the cells were cultured for 4 h under different conditions.
Subsequently, the culture medium was discarded and 200 pL of DMSO was added to each well before shaking on an
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oscillator for 10 min (100 rpm). Later, we used the enzyme marker (570 nm) for detection, and the cell morphology was
observed and photographed with a random field of view selected by an inverted microscope. The cell survival rate was
calculated using the following formula:

Cell survival rate = (absorbance of sample hole — absorbance of normal culture control group)/absorbance of normal
culture control group x 100%.

Preparation and Selection of siRNA Loaded Polymer Nanoparticles
siRNA
To counteract the METTL3 sequence (NM_019852.5), three siRNAs were designed and synthesized (with modifications
required to increase siRNA stability).

siRNAL:

guide (5’—3’) AGCUGCACUUCAGACGAAUUAUCAA

passenger (5°—3’) UUGAUAAUUCGUCUGAAGUGCAGCU

siRNA2:

guide (5’—3’) CCACCUCAGUGGAUCUGUUGUGAUA

passenger (5°—3”) UAUCACAACAGAUCCACUGAGGUGG

siRNA3:

guide (5’—3’) ACUGCUUGGUUGGUGUCAAAGGAAA

passenger (5’—3”) UUUCCUUUGACACCAACCAAGCAGU

Briefly, Lipofectamine 2000 (Invitrogen, Carlsbad, CA) was used to transfect siRNA, according to the manufacturer’s
specifications.

Construction of Nanoparticles
siRNAs were dissolved in acetate buffer (10 mM, pH 3.0) to a final concentration of 0.4 mg/mL. PEG-Azo-PEI was
dissolved in ethanol at a final concentration of 10 mg/mL.

The ratio of siRNA: PEG-Azo-PEI= 1:5 (w/w), siRNA and PEG-Azo-PEI ethanol solutions were mixed and vortexed
for 1 min. The PBS buffer (pH 7.4) was used as the dialysate to obtain the corresponding nanoparticles. For clarity, the
siRNA-loaded mPEG-Azo-PEI system is consistently referred to as “nanoparticles” throughout the manuscript.

Expression of METTL3 mRNA in HCT1 16 by Three siRNA Loaded Polymer Nanoparticle

Logarithmic HCT116 cells were harvested, digested with trypsin, and centrifuged (1000 rpm for 10 min). Afterwards, we
discarded the supernatant prior to the addition of a suitable amount of DMEM to complete the medium for resuspension
of the cells. After cell counting, the cell concentration was adjusted to 2x10° cells/mL. Subsequently, we added the cells
into 6-well plates with 2 mL of cells into each well, wherein we set three wells for each group. The culture was
maintained in a 5% carbon dioxide incubator at 37 °C until the cells adhered to the wall. The culture medium was
discarded and 2 mL of drug-containing serum (5 nM siRNA1, 10 nM siRNA1, 5 nM siRNA2, 10 nM siRNA2, 5 nM
siRNA3, 10 nM siRNA3, and blank siRNA) was added. The blank control group was supplemented with 2 mL of
medium for each group, and three wells were used for each group. After completing the above procedure, cells were
cultured for 48 h in 5% carbon dioxide incubator at 37 °C. In addition, when the grouping and dosage were consistent
with the above procedures, we changed the culture conditions to hypoxic culture. Specifically, cells were incubated in
a tri-gas incubator under hypoxic conditions (1% O,, 5% CO,, and 94% N,; pO, approximately 7 mmHg) at 37 °C
for 48 h.

To detect the relative expression of METTL3 mRNA in each group, we used TRIzolTM reagent (Invitrogen,
Carlsbad, CA) to extract relevant total RNA from different groups of cells. The specific method was as follows: cells
from each group were cultured without digestion. Others were digested and lysed by adding a certain volume of TRIzol
reagent at a ratio of 10 cm?/mL and allowed to stand for 5 min at ambient temperature to make the lysis uniform.
Subsequently, 200 pL of chloroform was added to the obtained cracking solution, which was vigorously shaken for 15s,
thoroughly mixed, and allowed to settle at the ambient temperature for 3 min. Next, we collected 450 pL of supernatant
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after 15 min of centrifugation (4 °C, 12000 rpm) and added to the same volume of isopropyl alcohol solution before we
shook and mixed thorough. Subsequently, we allowed it to settle for another 10 min before centrifugation again
(12000 rpm, 10 min, 4 °C), discarding the supernatant and reserving the precipitate. After addition of 75% ethanol
(1 mL) to the precipitate, we centrifuged (7500 rpm, 5 min, 4 °C) and discarded the supernatant, but retained the bottom
precipitate (this process was repeated twice). Later on, we added 30 pL of DEPC to the sediment and dissolved at 55 °C
for 10 min before refrigeration at —80 °C for storage.

Establishment of RT-PCR Reaction System
After the total RNA samples were dissolved, complementary DNA (cDNA) was synthesized using a reverse transcription
kit and used as a template for PCR amplification. The primer sequences are shown in Table 1.

The reference gene was glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Using SYBR Premix Ex-Taq config-
uration, we performed RT-PCR assaying with the following reaction conditions: 60s of initial polymerization at 95 °C,
15s of denaturation at 95 °C, 30s of annealing at 60 °C, 1 min of extension of the reaction at 72 °C, and completion of 30
cycles. After the extended step of 72 °C for 10 min, we a 2% agarose gel electrophoresis. PCR product density was
analyzed using Band Leader software (version 2.2.3), and data were analyzed at the same time. Of note, triplicate
measurements were taken, and calculation and normalization of relative expression were accomplished using the 2744
method.

Cell Viability Assay
HCTI116 cells cultured for 48 h under normal and hypoxic conditions were collected before the medium was discarded
and 200 uL of DMEM was added to each well. Next, 40 pL of MTT solution was added and incubation continued
according to different conditions for 4 h. Subsequently, the medium was discarded, and 200 uL. of DMSO was added to
each well before oscillating the cells in an oscillator for 10 min (100 rpm). The cell viability was calculated by measuring
the cells at a wavelength of 570 nm using a microplate reader.

Cell survival rate = (absorbance of the sample group absorbance of the normal culture control group)/absorbance of
the normal culture control group x100.

Process Optimization of siRNA Loaded Polymer Nanoparticles

Competitive Uptake Experiments of Nanoparticles

To achieve a final concentration of 50 uM, the three siRNAs were dissolved in a solution (pH 3, 10 mM pH 3) of acetate
buffer. Pure water was used to dissolve the mPEG-Azo-PEI polymer and prepare a solution with a concentration of
10 mg/mL. Based on the siRNA: mPEG-Azo-PEI ratio of 1:20 (w/w), siRNA and mPEG-Azo-PEI solutions were mixed.
After vortexing and mixing for 1 min, the corresponding nanoparticles were obtained by incubation at 30 °C for 1 h.

Screening of optimal composite ratio: The ratio of siRNA to PEG-Azo-PEI was varied (1:1, 1:2.5, 1:5, 1:7.5, 1:10,
1:15, 1:20, 1:25, 1:30, and 1:40), and the particle size of the composite was determined to determine the optimal ratio,
wherein a minimized and stable particle preparation was selected.

Detection of the complexing ability of polymers to siRNA: A 1% agarose gel was proportionally configured to ensure
equal loading for each well, and electrophoresed for 35 min at a constant pressure of 90 V in TBE buffer. After
electrophoresis, a gel imager was used to visualize the electrophoretic bands, which were combined with the particle size
to determine the optimal ratio of polyplexes for siRNA complexation. The experiment was repeated three times.

Table | Real Time Polymerase-Chain Reaction Primer Sequence

Genes Primer Sequence-Forward Primer Sequence-Reverse

GAPDH | GCACCGTCAAGGCTGAGAAC | CTCAAACTGATGCCCGCTTA
mettl3 TGCTTGGTTGGTGTCAAAGG | AATCTTGCGAGTGCCAGGAG
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Nanoparticle Characterization
Mean Size of Nanoparticles
The mean size of nanoparticles, polydispersity index (PDI), and Z-potential of the polymer nanoparticles were deter-

mined using a NanoBrook 90 Plus PALS particle size analyzer.*'

Transmission Electron Microscopic (TEM) Technique
The polymeric nanoparticle suspension was diluted to approximately 200 pg/mL using double-distilled water. One drop
was placed on a copper net, stained with 2% phosphotungstic acid, and detected using TEM.*?

Stability

Briefly, RPMI-1640 medium containing fetal bovine serum (10% and 50%) was used to dilute the siRNA-loaded
polymeric nanoparticles to 10 pL. Afterwards, 0.5, 1, 2, 4, 8, 12, 24, 48, and 72 h of incubation was carried out at 37
°C before mixing the sample with loading containing 1% SDS at a ratio of 5:1. Free siRNA at the same concentration as
that in the complex was diluted to 10 pL with RPMI-1640 medium and its components. After incubation at 37 °C for 0.5,
1, 2,4, 8, 12, 24, 48, and 72 h, the samples were mixed and loaded without 1% SDS at a ratio of 5:1.

Agarose gel electrophoresis: The agarose gel (1%) was proportionally configured to ensure equal loading in each
well, whereas free siRNA and mPEG-Azo-PEI@siRNA complexes were simultaneously electrophoresed in TBE buffer
at a constant pressure of 90 V for 35 min. After electrophoresis, the electrophoretic bands were visualized using a gel
imager, after which grayscale analysis was performed to analyze the serum stability of the free siRNA and mPEG-Azo-
PEI@siRNA complexes. The experiment was repeated three times.

Experiments to Test in vitro Release of siRNA

Testing of in vitro siRNA release experiments: To maintain the sink condition, dialysis membrane bags were filled with
1 mL of mPEG-Azo-PEI@siRNA2 solution (1 mg/mL) before we tied the two ends of the membrane bags with a cotton
thread. The dialysis bags were then placed in 100 mL of PBS solution (pH 7.4). To remove ethanol and exchange the
buffer, the resulting dispersion was dialyzed using a 3.5 kDa MWCO membrane against PBS (pH 7.4) for 4 h, with PBS
replaced every 3060 min. At 1, 2, 3, 4, 6, 8, 12, and 24 h, we removed the release medium (1 mL) and estimated the
siRNA2 content using PCR. Simultaneously, 1 mL of fresh releasing medium was added, the temperature was kept at 37
°C, and the corresponding release curve was drawn.”?

Drug release experiment in a hypoxic environment: 1 mL of mPEG-Azo-PEI@siRNA2 solution (I mg/mL) was
placed into dialysis membrane bags, and other procedures were performed as described above. Next, we immersed the
above-mentioned bags in 100 mL PBS (0.1 M, pH7.4) that comprised 100 pM NADH and 100 ug/mL NTR. Hypoxia
was established by continuous N, purging to reduce dissolved oxygen levels. The same PBS buffer (pH 7.4) was used
under both hypoxic and normoxic conditions to maintain comparable pH conditions. At the same time interval, as stated
above, we removed the release medium (1 mL) and estimated the siRNA2 content using PCR. The volume of the
releasing medium, maintenance at a constant temperature control, and drawing of the release curve were the same as
described above.

Cumulative release rate = siRNA relative content at each time point/siRNA relative content added x 100

Competitive Uptake Experiments of Nanoparticles

Coumarin was used instead of siRNA and was loaded into the nanoparticles using the above preparation method. The
logarithmic phase of HCT116 cells was inoculated into a 6-well plate (1x10°/mL, 2 mL). The culture medium was
discarded following cell adhesion. Coumarin-loaded nanoparticles were added to the cells and incubated under normal
and hypoxic conditions for 0.5, 1, 2, 4, 6, 12, and 24 h, and washed three times with PBS (pH 7.4). Cells were fixed with
4% paraformaldehyde (1 mL) for 20 min. The cells were washed four times with PBS pH 7.4 for 4 times. Subsequently,
nuclear staining was performed with DAPI (0.5 mL), and cells were incubated at 37 °C for 20 min. A 1mL pipette was
used to drop 50 pL of anti-fluorescence quenching sealant onto the sample. Cells were viewed under a fluorescent
inverted microscope, where green indicates the coumarin spectrum, and DAPI-labeled nuclei show blue light.
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In vitro Antitumor Assays of the mMPEG-Azo-PEI@siRNA2 Complex
MTT

The procedure for collection, digestion and centrifugation of logarithmic HCT116 cells was carried out as described in
section “Selection of siRNA”.

RT- PCR

Total RNA was extracted using the TRIzol reagent (Invitrogen, Carlsbad, CA). Using this kit, we reverse-transcribed
RNA (1000 ng) into cDNA, followed by detection of METTL3 gene expression with RT-PCR using the corresponding
kit, and GAPDH as the reference gene using the following primer sequences: forward primer sequence for the METTL3
gene was S'TTGTCTCCAACCTTCCGTAGT 3'; reverse primer sequence was S'CCAGATCAGAGAGGTGGTGTAG
3’; forward primer sequence for GAPDH was 5’‘CTGGGCTACACTGAGCACC 3'; reverse primer sequence was 5’
AAGTGGTCGTTGAGGGCAATG 3'.

Western Blot Analysis

To evaluate the protein-level expression of METTL3, Western blot analysis was performed on both HCT116 and HKF
cells. Briefly, cells were seeded in 6-well plates and incubated until full adhesion. The cells were then treated with
different formulations (Control and mPEG-Azo-PEI@siRNA2) under normoxic or hypoxic conditions for 48 h. After
treatment, cells were washed with cold PBS and lysed using RIPA lysis buffer supplemented with protease and
phosphatase inhibitors. The total protein concentration was determined using a BCA Protein Assay Kit. Equal amounts
of protein samples were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
subsequently transferred onto polyvinylidene fluoride (PVDF) membranes. The membranes were blocked with 5% non-
fat milk in TBST for 2 h at room temperature, followed by overnight incubation at 4 °C with primary antibodies against
METTL3 and GAPDH (used as the internal loading control). After washing with TBST, the membranes were incubated
with HRP-conjugated secondary antibodies for 1 h at room temperature. The protein bands were visualized using an
enhanced chemiluminescence (ECL) detection system.

Antitumor Assay in vivo

All animal experimental procedures were approved by the Animal Experiment Center of the Medical College of
Yangzhou University (approval number: No. SYXK (Su) 2017-0044). All experiments were performed in accor-
dance with the Chinese National Standard GB/T 35892-2018 (Guidance for the Care and Use of Laboratory
Animals). For procedures requiring anesthesia, mice were anesthetized via a single intraperitoneal injection of
a mixture of ketamine (100 mg/kg) and acepromazine (2.5 mg/kg), prepared in sterile physiological saline.
Anesthesia depth was confirmed by the absence of a pedal reflex (toe pinch). At the experimental endpoint,
euthanasia was performed under deep anesthesia by exsanguination via cardiac puncture, and cervical dislocation
was performed as a secondary method of euthanasia to ensure death, in accordance with the Chinese National
Standard GB/T 39760-2021 (Guidance for Euthanasia of Laboratory Animals) and the American Veterinary Medical
Association (AVMA) Guidelines for the Euthanasia of Animals. Briefly, for cardiac puncture, a 22-gauge needle
attached to a 1 mL syringe was inserted vertically through the sternum into the heart to withdraw blood until
circulatory arrest (exsanguination). Death was confirmed by the absence of respiratory movement, cardiac activity,
and corneal reflex.

Six- to eight- week- old male Balb/c nude mice (18-20 g) were obtained from the Animal Experiment Center
of the Medical College of Yangzhou University. The nude mice were fed in an environment controlled at 22+1 °C,
with light and dark cycles for 12h and free diet and water. The experiment was carried out one week later. A total
of 30 BALB/c nude mice were randomly divided into five groups (n = 6 per group): model, positive control group
(5-Fu), blank preparation (blank-mPEG-AZo-PEI), siRNA2, and mPEG-Azo-PEI-siRNA2. This study adhered to
the internationally accepted standards for animal research following the 3Rs principle. The ARRIVE guidelines
were used to report experiments involving live animals and to promote ethical research practices.
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Establishment and Treatment of the Subcutaneous Colorectal Cancer Xenograft
Model

HCT116 cells (3% 10° cells in 100 uL PBS) were subcutaneously injected into the right axilla of nude mice to establish
the xenograft model. When the tumor volume was > 15 mm?, nude mice with well-balanced tumor growth were selected
for grouping. The positive control group was given 5-Fu via intraperitoneal injection at a dose of 25 mg/kg, twice per
week. Mice in groups 3, 4, and 5 were treated via tail vein administration. The dose was calculated based on the siRNA2
content (5 nmol siRNA2 per mouse per injection, approximately 3.4 mg/kg based on an average body weight of 18-20 g)
and administered twice per week for two consecutive weeks (a total of four administrations), with an injection volume of
100 pL per mouse. For the treatment schedule, it was initiated on Day 1 after tumor cell inoculation, even though tumor
formation generally requires several days. Treatment was started at Day 1 to evaluate the early therapeutic effects of the
treatments on tumor initiation and early tumor growth, and to assess the preventive potential of the therapeutic approach.
Tumor measurements were performed by an investigator blinded to group allocation.

After two weeks of continuous administration, the tumor size and body weight of the nude mice were measured on
the 1%, 5™, 10" and 15™ day, while a curve was drawn. On the 15" day, the nude mice were dissected, and the tumors of
each group were excised and weighed for pathological section analysis. Simultaneously, total RNA was extracted from
the tumor tissues of mice, the expression of METTL3 at the gene level was analyzed, and the relationship between
METTLS3 expression and tumor changes in mice was analyzed.

Statistical Analysis

All in vitro experiments were independently repeated at least three times (biological replicates), and each experiment was
performed in triplicate (technical replicates). Data are expressed as means + standard deviation (SD). An unpaired two-
tailed #-test was used to compare two groups. Differences between groups were analyzed using one- or two-way analysis
of variance (ANOVA), followed by post-hoc tests (Dunnett’s or Sidak’s multiple comparison tests). Tumor volume over
time was analyzed using two-way repeated-measures ANOVA (treatment X time) including the interaction term, with
multiplicity-adjusted post hoc comparisons. Statistical analyses were performed using the GraphPad Prism 8 software.
Differences were considered statistically significant at P<0.05.

Results

NMR Spectrum Analysis of mPEG-Azo-PEl

As shown in Figure 2, all key H signals in the products appeared in the H NMR spectra, wherein the key H signals of the
principal materials and intermediates could be seen in the H NMR spectra of the products, thus indicating the successful
preparation of mPEG-Azo-PEI.

Cytotoxicity of mPEG-Azo-PEl

The cytotoxicity assay was performed using mPEG-Azo-PEI polymer solution without siRNA loading to evaluate the
intrinsic biosafety of the carrier material. At concentrations above the CMC, the polymer is expected to self-assemble
into blank micellar nanostructures in aqueous media. As shown in Figure 3A, the viability of both cell types was higher
than 90% at mPEG-Azo-PEI concentrations of < 5 pg/mL (biological n = 3; triplicate wells per experiment). At
a concentration of 10 pg/mL, the viability of the two cell types was still higher than 85%, suggesting that mPEG-Azo-
PEI exhibited acceptable biosafety and low cytotoxicity in this concentration range. To further evaluate the safety profile
of the complete formulation, we assessed the cytotoxicity of mPEG-Azo-PEI@siRNA2 in normal HKF cells. As shown
in Figure 3B, the formulation maintained high cell viability in HKF cells even at concentrations up to 10 pg/mL, with
viability remaining above 90% at the therapeutic concentration range. These results demonstrate that mPEG-Azo-PEI
@siRNA2 exhibits minimal non-specific toxicity toward normal cells. In addition, compared with the lower concentra-
tion groups. The high-concentration groups showed cell death, shrinkage, rounding, and significant changes in cell
morphology (Figure 3C and D).
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Figure 2 (A) 'H NMR characterization of mPEG-Azo-PEI and related intermediates. (A) 'H NMR spectrum of the final product mPEG-Azo-PEI. The numeric labels 111
indicate the assignments of different proton environments in the mPEG-Azo-PEl structure. Specifically, I-5 correspond to proton signals from the PEl segment and those
adjacent to the amide linkage, 6—7 correspond to the aromatic protons of the azobenzene moiety, 8-10 correspond to the methylene protons of the mPEG chain, and 11
corresponds to the terminal methoxy protons of mPEG. H,O and DMSO represent the residual water and solvent peaks, respectively. (B) 'H NMR spectra of key raw
materials and intermediates. The different spectra are labeled 14 in black. The green numeric labels next to the peaks indicate the corresponding proton assignments,
consistent with those shown in panel (A). The red boxes in panel (B) highlight the characteristic proton signals confirming the successful synthesis of mPEG-Azo-PElI,
including (i) the aromatic protons of the azobenzene moiety (6, 7), (ii) representative proton signals of the mPEG chain (9—11), and (iii) representative proton signals of the
PEI segment (1-3).

Selection of siRNA

As shown in Figure 4A-D, after siRNA2 treatment, HCT116 cells showed the lowest viability, with obvious morphological
alterations observed in the representative microscopic images under the indicated culture conditions. Similarly, the relative
expression of METTL3 mRNA in the cells was the lowest. Therefore, sSiRNA2 was selected for the subsequent experiments.

Results of Optimal Process Screening for siRNA2 Loaded Polymeric Nanoparticle

As shown in Table 2, when the ratio of siRNA2: mPEG-Azo-PEI was 1:20, the sizes of the nanoparticles and PDI of the
polymer nanoparticles were small. Moreover, agarose gel electrophoresis (Figure 5A) showed that when the ratio of siRNA2
to mPEG-Azo-PEI was 1:20, no free siRNA2 was detected, indicating that all siRNA2 was complexed with mPEG-Azo-PEI.

Characterization of mPEG-Azo-PEI@siRNA2

Characterization of mPEG-Azo-PEI@siRNA2: Size, PDI, Z-Potential, TEM, EE, and DL

Particle size, PDI, and EE are important indices for evaluating the stability and uniformity of nanoparticles®* As shown
in Figure 5B, the particle size of blank mPEG-Azo-PEI nanoparticles was 122 + 1.21 nm, whereas that of the mPEG-Azo
-PEI nanoparticles loaded with siRNA2 (mPEG-Azo-PEI@siRNA2) was 141.34 + 2.31 nm. The PDI of mPEG-Azo-PEI
@siRNA2 was 0.213 + 0.011 with a Z-potential of +21.76 + 1.76. Using TEM (Figure 5C), we deduced that the prepared
mPEG-Azo-PEI@siRNA2 had a spherical shape with a relatively uniform distribution. The encapsulation efficiency (EE)
of the mPEG-Azo-PEI@siRNA2 nanoparticles was found to be 91.23%, and the drug loading (DL) was 9.2%. The
particle size was approximately 110 nm, which is consistent with the particle size assay results.

Stability

Poor self-stability and easy degradation by ribozymes in serum can lead to the reduced activity of free siRNA.** To
verify whether the mPEG-Azo-PEI copolymer could protect free siRNA from degradation over a certain period, we
examined the stability of free siRNA and the mPEG-Azo-PEI@siRNA2 complexes in media containing 10% and
50% serum. The loading containing 1% SDS used in these experiments contained a large number of anions, which
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Figure 3 mPEG- Azo- PEI effect on cell viability and morphology. (A) Cytotoxicity assay results of mPEG-Azo-PEl on different cells; (B) Cytotoxicity assay results of mPEG-
Azo-PEI@siRNA2 on HKF (C) Effects of different concentrations of mPEG-Azo-PEl on the morphological changes of HKF cells. Scale bar= 100 pm; (D) Effects of different
concentrations of mMPEG-Azo-PEl on the morphological changes of HCT116 cells. Scale bar= 50 pm. *P < 0.05, for HKF cell group compared to 0.1 ug/mL mPEG-Azo-PEl;
*#P < 0.01, HKF cell groups compared with 0.1 pg/mL mPEG-Azo-PEl; #P < 0.05, for HCT116 cell group compared to 0.1 ug/mL mPEG-Azo-PEl; ##P < 0.01, for HCTI 16
cell group compared to 0. pg/mL mPEG-Azo-PEl. Biological n = 3; triplicate wells per experiment.

disrupted the electrostatic interaction of mPEG-Azo-PEI with siRNA2 and dissociated the siRNA from mPEG-Azo-
PEI@siRNA2. Hence, the change in band intensity can be detected by gel electrophoresis. As shown in Figures 6A
and B, the free siRNA could only be stably stored for 4 h in the medium containing 10% and 50% serum, while the
siRNA band of mPEG-Azo-PEI@siRNA2 could still be detected after 72 h of incubation in the medium containing
10% and 50% serum, thus indicating that the mPEG-Azo-PEI copolymer had strong complexation ability with
siRNA2 and good stability.

Cumulative Release Rate in vitro
As shown in Figure 6C, the cumulative release of siRNA2 within 24 h in a normal environment was approximately 10%,
which was far less than 95% of that in a hypoxic environment. Statistically, this significant difference illustrated that the

nanoparticles prepared with this hypoxia-sensitive polymer were better and capable of degrading and accelerating drug
release in an anoxic environment.
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Cell Uptake Experiments of Nanoparticles
As shown in Figure 7A and B, both normal and anoxic cultures showed that coumarin-loaded nanoparticles could be taken up
by HCT116 cells, which changed over time. The maximum fluorescence intensity was obtained after 4 h of incubation,

Table 2 Particle Size (PS) and Polydispersity Index (PDI) of Polymeric Nanoparticle Fabricated in Distinct Ratios

Ratio | I:I 1:2.5 1:5 1:7.5 1:10 I:15 1:20 1:25 1:30 1:40

PS 183.75 177.37 162.73 161.739 155.28 152.38 141.34 138.23 135.38 132.82
+5.43 +5.28 +4.18 +4.28 +4.18 +3.28 +2.31 +2.87 +1.87 +1.72

PDI 0.293 0.287 0.254 0.265 0.252 0.254 0213 0.204 0.210 0.198
+0.031 +0.024 +0.019 +0.031 +0.024 +0.027 +0.011 +0.009 +0.012 +0.015
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Figure 5 Characterization of mPEG-Azo-PEI@siRNA2 Nanoparticles. (A) Complexation ability of mPEG-Azo-PEIl with siRNA2; (B) Particle size (PS) profiles of blank and
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Figure 7 Real-time fluorescent inverted microscope images of cellular uptake of coumarin nanoparticles under normal culturing conditions (A) and hypoxic culturing
conditions (B). (20x, scale = 50 um).

indicating maximum cell intake at this time point. Moreover, fluorescence intensity was significantly enhanced under
anaerobic conditions at each time point, indicating that the intake of coumarin-loaded nanoparticles by HCT116 cells was
higher under anaerobic conditions, which was conducive to drug uptake in the anoxic environment in vivo.
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In vitro Antitumor Results

As shown in Figure 8A, the preparations effectively inhibited the proliferation of HCT116 cells under both normal culture and
hypoxic culture conditions. Representative microscopic images in Figures 8B-E qualitatively suggested treatment-associated
morphological changes, which appeared more pronounced under hypoxic culture conditions at the same concentration.
Compared with normal culture conditions, cell viability was significantly lower under hypoxic culture conditions (P < 0.01).
As shown in Figure 8F, the IC50 values of the preparations from normal and hypoxic cultures were 1.133 and 0.481 nM,
respectively, whereas the respective IC50 values of the raw material from normal and hypoxic cultures were 3.174 and 1.638 nM,
respectively. Moreover, mPEG-Azo-PEI@siRNA?2 effectively inhibited the mRNA expression of METTL3 gene under both
normal and hypoxic culture conditions, and the effect was more prominent under hypoxic conditions at the same concentration
(Figure 8G). Treatment with mPEG-Azo-PEI@siRNA2 successfully and significantly downregulated the METTL3 protein level
in HCT116 cells (Figure 8H). Importantly, the METTL3 expression in normal HKF cells remained unaffected by the identical
treatment. The uncropped original Western blot images of METTL3 and GAPDH in HCT116 and HKF cells are provided in
Supplementary Figure 1. These findings provide robust evidence that our engineered hypoxia-sensitive nanoparticles can achieve

sequence-specific gene silencing and exhibit selective toxicity toward cancer cells without disrupting the basal METTL3
functions in normal tissues. Taken together, these results indicate that, at the same concentration, the preparations exerted

a stronger in vitro antitumor effect under hypoxic culture conditions than under normal culture conditions.

Antitumor Assay in vivo
The Body Weight and Tumor Volume and Tumor Weight of Mice
In vivo data were obtained from BALB/c nude mice (n=6 per group). As shown in Figure 9A, after 2 weeks of treatment,
the body weight of mice in the 5-FU group was significantly lower than that in the model group (P < 0.01), but the body
weights of mice in the siRNA2 and mPEG-Azo-PEI-siRNA2 groups substantially increased (P < 0.01), amid the body
weight of mice in the mPEG-Azo-PEI-siRNA2 group being markedly higher than that of the siRNA2 group (P < 0.01).
Based on the tumor weight and volume change diagram of mice (Figure 9B-D), appropriate statistical comparison with the
model group showed that the aforementioned variables decreased substantially (P < 0.01) in mice that were allotted to the
positive group, siRNA2, and mPEG-Azo-PEI-siRNA2 groups, thus indicating that 5-FU and siRNA2 can effectively inhibit
tumor growth in mice. Likewise, comparison with the sSiRNA2 group led to the observation of smaller tumor weight and tumor
volume in the mPEG-Azo-PEI-siRNA2 group mice, coupled with a marked (P < 0.01) tumor inhibition effect, which indicates
that mPEG-Azo-PEI as a carrier material could effectively deliver siRNA2 to the tumor site and enhance the antitumor effect of
the drug.

Analysis of HE Results

As shown in Figure 9E, the tumor tissue cells in the model group were relatively densely arranged, with large and
numerous nuclei, indicating that the tumor cells grew vigorously and were in good condition, while nuclear staining was
clearly visible. The results for the tumor tissue sections in the blank preparation group were consistent with those in the
model group. The treatment groups (b, d, and e) showed necrotic areas in the tumor tissue, loose tumor tissue, decreased
number of nuclei, and an irregular arrangement of cells. Necrosis of tumor cells in groups b and e was the most obvious.
These results indicate that sSiRNA2 and mPEG-Azo-PEI-siRNA2 can effectively inhibit tumor growth.

Results of PCR

The results of PCR (Figure 9F) showed that the relative expression level of METTL3 at the RNA level in the model and
blank preparation groups were high, while the treatment group could significantly reduce the relative expression levels of
METTLS3 at the RNA level (P < 0.01). Compared to the siRNA2 group, the mPEG-Azo-PEI-siRNA2 group mice had
a greater reduction in the relative expression of METTL3 at the RNA level (P < 0.01). These results were consistent with

the tumor size, volume, and HE test results.
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Discussion

Worldwide morbidity and mortality data on cancer of colon-rectum depict an increasing trend, and it is considered the
third most widespread carcinoma.>> Chemotherapy is greatly affected by chemoresistance, which is a common malig-
nancy of the gastro-intestinal tract, chemotherapy of the disease is greatly affected by chemoresistance.>® The ability of
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(treatment % time) including the interaction term, with multiplicity-adjusted post hoc comparisons.

cancer cells of the colon and rectum to adapt to hypoxic conditions has been shown to cause chemoresistance.®’ In
addition, the suppression of METTL3 expression in cancer cells of the colon rectum has been shown to be key in the
treatment of this disease.'® Based on the existing literature, we designed and fabricated mPEG-Azo-PEI, which self-
assembles into nanoparticles via micellar self-assembly. Wherein the Azo moiety was hypoxia-sensitive, with the
potential to increase the silencing effect of METTL3 siRNAs under hypoxic conditions in tumor cells. As self-
assembling nanoparticles comprising amphipathic molecules, nanoparticles are popular because they can potentially
incorporate and deliver drugs in various forms, including siRNAs, wherein they increase the delivery of such payloads to
tumor sites. To successfully fabricate mPEG-Azo-PEI, we examined the appearance of key H signals in the principal
materials and intermediates of the nanoparticle. The H NMR was selected for this purpose because it has been applied to
preliminarily identify the molecular structures of similar materials. Corroboratively, Kang et al utilized H NMR to
ascertain the structure of a delivery system developed for siRNA (bPEI1.8k-C6-NI).*

CMC was estimated to confirm the self-assembly potential of mPEG-Azo-PEI in aqueous solution. The CMC of
mPEG-Azo-PEI was determined to be 0.001687 mg/mL, indicating strong self-assembly capability and favorable
stability under dilution conditions. The low CMC value is consistent with the formation of amphiphilic micellar
nanostructures, in which hydrophilic mPEG chains are oriented toward the aqueous phase, while hydrophobic Azo
segments are preferentially located within the nanoparticle core. With regard to the biosafety and toxicity of mPEG-Azo-
PEI, we observed that the viability of both cell types was higher than 90% at mPEG-Azo-PEI concentrations of < 5 ng/
mL (Figure 3A). Even when the polymer concentration was increased to 10 pg/mL, we still observed the viability of the
two cell types remained higher than 85%. These observations suggest that the mPEG-Azo-PEI material demonstrated

better biosafety and less cytotoxicity within this concentration range. One of the major drawbacks of antitumor
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chemotherapies is their deleterious side effects on normal cells; hence, the identification of alternative materials with
minimal adverse effects for antitumor drugs has become paramount in clinical settings.

After confirming that mPEG-Azo-PEI is biosafe and less cytotoxic, we selected siRNA to be encapsulated in the
aforementioned carrier. Based on their effect on HCT116 cells, we chose siRNA2, which suppresses the growth of
HCTI116 cells and the expression of METTL3 mRNA in these cells. Notably, siRNA2 has been found to suppress
metastasis of cancer to the colon and rectum, which may explain the above observation.*” Based on the ratio and agarose
gel electrophoresis results, we optimally formed mPEG-Azo-PEI@siRNA?2 at a siRNA2: mPEG-Azo-PEI ratio of 1:20,
coupled with full incorporation of siRNA2 into mPEG-Azo-PEI, wherein the size and PDI of the optimized nanoparticles
were smaller. Physical characterization of the nanoparticle was performed, wherein we discovered the respective size of
particles, PDI and Z-potential to be 141.34 + 2.31 nm, 0.213 £ 0.011 and +21.76 + 1.76 (Figure 5B). The presence of
a positive charge in the nanoparticles may be ascribed to PEI, which is a cationic polymer that has been used as a gene
carrier in many studies.*” The nanoparticles exhibited a moderately positive zeta potential, which may facilitate cellular
uptake via electrostatic interactions with negatively charged cell membranes. However, it is acknowledged that highly
positive surface charge may increase nonspecific protein adsorption and potential cytotoxicity in vivo. In this system, the
PEGylated structure of mPEG-Azo-PEI may partially shield the surface charge, thereby reducing nonspecific interactions
and improving circulation stability. Moreover, the minimal cytotoxicity observed in vitro and the stable body weight of
treated mice suggest acceptable biocompatibility within the investigated dosage range. The available literature suggests
that nanoparticles <200 nm are capable of evading mono-nuclear phagocytic-scavenging with the potential to passively
target tumors via increased permeation and retention.*'*?

It is well known that nanoparticles with favorable stability can prolong the circulation of drugs in the bloodstream,
with concomitant targeted accumulation at tumor sites.*> Consistent with this assertion, we confirmed that our nano-
particles might protect free siRNA from degradation over a certain period, wherein we discovered that the mPEG-Azo-
PEI copolymer demonstrated good stability and potential complexation with siRNA2. Hence, our carrier may protect free
siRNA2 from degradation during circulation in the bloodstream.

The in vitro release of drugs is important for simulating the in vivo conditions. Therefore, we assessed the release of
free siRNA2 from mPEG-Azo-PEI@siRNA2 under both normal and hypoxic conditions. Within 24 h of observation, the
cumulative release of siRNA2 (Figure 6C) in a normal environment was paltry 10%, amid was far less than 95%,
comparable to the hypoxic environment. The underlying reason for this observation may be that the nanoparticle
prepared with a hypoxia-sensitive polymer (Azo) was better and capable of degrading and accelerating drug release in
an anoxic environment. Usually, in a hypoxic tumor environment, azo reductase catalyzes the degradation of Azo with
nicotinamide adenine dinucleotide phosphate (NADPH) as the coenzyme after mPEG-Azo-PEI@siRNA2 penetrates the
tumor tissue.***

Usually, the process of human disease development is reproduced during research with the aid of cell cultures and
modeled animals.*® Hence, we used HCT116 cells and a tumor-bearing BALB/c nude mouse model to reproduce the
process of colorectal tumor development. For the cell culturing study, we selected HCT116 cells because the existing
literature has established that these cells demonstrate invasiveness and high motility during in vitro experimentations.*’
In addition, based on the notion that tumors of the colon and rectum are similar, we modeled rectal tumors in mice to
study CRC.*®

After modeling, we measured the tumor weight, volume, and body weight of the mice to ascertain their responses to
treatment,*” wherein Dosage forms such as 5-FU, siRNA, and mPEG-Azo-PEI@siRNA2 markedly reduced the afore-
mentioned variables, suggesting that they have the potential to suppress the growth of colorectal tumors (Figure 9). In
addition, as can be seen from the body weight curve of the mice (Figure 9A), after two weeks of treatment, we observed
that the body mass of mice in the 5-FU group was significantly reduced compared to that of the model group, but those of
mice in the siRNA2 and mPEG-Azo-PEI-siRNA2 groups substantially increased. This observation corroborates the
existing theory that the body weight of patients with colorectal tumors varies during treatment.’® In addition, the
reduction in body weight by 5-FU agrees with the findings of earlier studies by Tao et al>'* The pronounced loss of
body weight in mice that received 5-FU may be ascribed to the adverse effects of the drugs, including increased loss of
appetite and decreased intake of foods.”® However, the observed increase in body weight of mice administered siRNA2
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and mPEG-Azo-PEI-siRNA2 suggests a positive response to treatment. Corroboratively, available work has established
an increase in body weight among patients with colon cancer who underwent adjuvant chemotherapy.>*>> Currently, the
underlying reason for this observation is not yet known, but it may be the metabolic and physiological changes that occur
during treatment.

As a type of solid tumor, CRC exhibits a hypoxic microenvironment, which in turn promotes rapid tumor growth to
outmatch the supply of oxygen, thus contributing to the aforementioned condition.”” Therefore, we sought to utilize
hypoxic conditions to treat cancers of the colon and rectum. In the present study, under both normal and hypoxic culture
conditions, mPEG-Azo-PEI@siRNA2 effectively inhibited the proliferation of HCT116 cells and the relative mRNA
expression of METTL3 (Figure 8 A and G); however, the effect of the same concentration of mPEG-Azo-PEI@siRNA2
was more prominent in hypoxic environments. Collectively, the in vitro antitumor effects of the same concentration of
mPEG-Azo-PEI@siRNA2 were stronger under hypoxic conditions. Thus, the hypoxia-enhanced efficacy suggests that
this platform may be particularly suitable for targeting hypoxic tumor subregions that are often associated with
aggressive behavior and reduced chemotherapy sensitivity, where triggered release could improve local gene silencing
and potentially counter hypoxia-driven resistance.’® Similarly, the in vivo application of mPEG-Azo-PEI@siRNA2 in the
aforementioned rectal mouse model showed that mPEG-Azo-PEI as a carrier material could effectively deliver siRNA2
to the tumor site and enhance the antitumor effect of the drug. The enhanced antitumor activity of mPEG-Azo-PEI
@siRNA2 can be attributed to its ability to self-assemble into nanoparticles, coupled with increased stability and
hypoxia-induced degradation to effectively release siRNA2 at the rectal tumor site.*® However, although mPEG-Azo-
PEI@siRNA2 showed improved in vivo efficacy compared with free siRNA, it did not completely eliminate the tumors.
This may be explained by several factors beyond delivery efficiency. First, tumor hypoxia is spatially heterogeneous, and
the extent of hypoxia can vary across different tumor regions; therefore, activation of the hypoxia-responsive Azo linker
and subsequent siRNA release may be non-uniform, leaving normoxic or less-hypoxic areas insufficiently exposed to
effective siRNA levels.”” Second, as a solid tumor, colorectal/rectal tumors often exhibit high interstitial fluid pressure
and poor vascularization, which can limit nanoparticle extravasation and restrict penetration into deeper tumor tissue,
thereby reducing the overall distribution of siRNA throughout the tumor mass.”® Third, METTL3 silencing may lead to
adaptive activation of survival pathways that partially sustain tumor growth and survival, suggesting that dual targeting
of METTL3 and the JAK1/STAT3 axis (eg., p-STAT3 inhibition) may offer potential therapeutic avenues for colorectal
cancer.’

While the present study demonstrates that the hypoxia-responsive mPEG-Azo-PEI platform can enhance siRNA
delivery and improve antitumor efficacy, several limitations warrant consideration. First, the in vivo validation was
restricted to a subcutaneous xenograft mouse model, which may not fully capture the inter- and intra-tumoral hetero-
geneity observed in colorectal/rectal cancer. Future studies should extend evaluation to more clinically relevant settings,
including orthotopic models and patient-derived xenografts. Moreover, to interrogate immune-related effects, immuno-
competent syngeneic models will be required. Second, METTL3 silencing was confirmed at the transcript level; however,
protein-level validation and systematic characterization of downstream signaling alterations were not performed. Follow-
up work should quantify METTL3 protein expression and map pathway-level consequences, with particular attention to
the JAK/STAT3 axis and potential compensatory programs that may attenuate durable responses. Third, immune
consequences were not assessed in the current work. Given the established interplay between hypoxia, the tumor
microenvironment, and therapeutic responsiveness, future investigations should incorporate immune profiling (eg.,
immune-cell infiltration and cytokine signatures) to evaluate whether the treatment modulates antitumor immunity or
inflammatory status. Additionally, the current study lacks an in vivo control group treated with nanoparticles loaded with
scrambled or non-specific siRNA. While our blank carrier demonstrated good biocompatibility, the absence of this
specific control limits our ability to completely rule out potential off-target effects or systemic immune stimulation
induced by the nanoparticle-RNA complex itself, which should be rigorously evaluated in future preclinical toxicological
studies. Finally, although in vitro cytotoxicity and the absence of overt body-weight loss in vivo suggest acceptable
tolerability within the tested dose range, comprehensive safety evaluation remains necessary for translational develop-
ment. Future studies should therefore include hematology, serum biochemistry, and histopathological examination of
major organs to more rigorously define systemic toxicity and off-target risk.
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Conclusion

Hypoxia-sensitive mPEG-Azo-PEI@siRNA2 nanoparticles were successfully prepared for the first time. The polymeric
nanoparticles exhibited good biosafety, small particle size, and favorable stability, and enabled hypoxia-activated
(hypoxia-responsive) siRNA release, with a cumulative release rate of more than 95% under hypoxic conditions. In
vitro and in vivo antitumor experiments further demonstrated that the inhibitory effect on tumor cell proliferation was
prominent under hypoxic conditions. Although the nanoparticle formulation significantly suppressed tumor growth
compared with the model group and the free siRNA group, complete tumor regression was not achieved, indicating
opportunities for further optimization. Such optimization may include exploring higher or more frequent dosing regi-
mens, combination strategies with standard therapies, or further engineering the carrier to improve penetration into dense
tumor regions. Therefore, this polymeric nanoparticle platform represents a promising hypoxia-activated targeting
strategy for colorectal cancer therapy and warrants further validation in more clinically relevant models.
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