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Abstract

Due to its complicated pathophysiology, propensity for metastasis, and poor prognosis, colon cancer is challenging
to treat and must be managed with a combination of therapy. Using rolling circle transcription (RCT), this work
created a nanosponge therapeutic medication system (AS1411@antimiR-21@Dox). Using the AS1411 aptamer, this
approach accomplished targeted delivery to cancer cells. Furthermore, analysis of cell viability, cell apoptosis, cell
cycle arrest, reactive oxygen species (ROS) content, and mitochondrial membrane potential (MMP) levels revealed
that functional nucleic acid nanosponge drug (FND) can kill cancer cells. Moreover, transcriptomics uncovered

a putative mechanism for the FND anti-tumor effect. These pathways, which included mitotic metaphase and
anaphase as well as the SMAC-mediated dissociation of the IAP: caspase complexes, were principally linked to

the cell cycle and cell death. In conclusion, by triggering cell cycle arrest and apoptosis, the nano-synergistic
therapeutic system allowed for the intelligent and effective targeted administration of RNA and chemotherapeutic
medicines for colon cancer treatment. The system allowed for payload efficiency while being customizable,
targeted, reliable, stable, and affordable.
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Introduction

The third most frequent cancer in the world and the
fourth most common cause of cancer-related mortal-
ity is colon cancer [1]. It is difficult to treat due to its
complex pathogenesis, susceptibility to metastasis, and
poor prognosis [2, 3]. Currently, chemotherapy, targeted
therapy, and surgical excision of the original tumor are
the mainstays of advanced colon cancer treatment. Che-
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and cardiotoxicity, synergistic therapy is currently a well-
liked cancer treatment [6, 7].

Chemotherapy and gene therapy used in conjunc-
tion is a successful cancer treatment method. Numer-
ous researches have looked into the relationship between
abnormal miRNA expression and the onset and develop-
ment of colon cancer [8, 9]. Because miRNAs have diag-
nostic and prognostic significance for those who have
the disease, they can be exploited as potential novel tar-
gets for colon cancer therapy [10]. Studies have found a
correlation between high levels of miR-21 expression
in tumors and a poor prognosis and chemotherapeutic
response in people with colon cancer [11, 12]. miR-21
can participate in tumor pathogenesis and development,
including cell proliferation, migration, invasion, metasta-
sis, and apoptosis, by targeting PTEN, PDCD4, TIMP3,
and RHOB, or signaling pathways, such as RAS/MEK/
ERK, PTEN/PI-3 K/AKT, and Wnt/B-catenin [13, 14]. Li
et al. used plasmids encoding miR-21 inhibitors to trans-
fect the DLD-1 cell line, which had low miR-21 expres-
sion, and the SW480 cell line, which had high miR-21
expression. They discovered that deletion of the miR-21
gene prevented SW480 cells from proliferating, migrat-
ing, and invading while miR-21 gene overexpression
encouraged these behaviors in DLD-1 cells [15]. In vivo
results indicated that miR-21 overexpression promoted
tumor growth in BALB/c nude mice [16]. This showed
how crucially miR-21 functions at the molecular level in
colon cancer, pointing to it as a possible target for colon
cancer treatment. Additionally, miRNA research has
moved from the lab to the clinic. Over 15 miRNA drugs
that are in various stages of clinical development are
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listed on Clinicaltrials.gov, Clinicaltrialsregister.eu, and
research.cicc.com. Additionally, over 11 miRNA anti-
sense oligonucleotides are readily available.

Targeted drug delivery can guarantee efficient cancer
treatment with minimal hazardous side effects. Aptam-
ers, which are typically short nucleic acid sequences of
20-80 nucleotides (ssDNA or ssRNA), fold into stable
three-dimensional structures and bind to targets—also
known as “chemoantibodies”—with great affinity and
specificity [17]. Aptamers have special benefits such high
specificity, quick tissue and organ penetration, simplic-
ity of chemical modification, minimal toxicity, and low
immunogenicity [18]. The AS1411 aptamer is made up of
26 bases and has a high affinity for nucleolin, a protein
that is widely expressed on the cell membrane of cancer
cells [19, 20]. It inhibits nuclear factor NF-B and desta-
bilizes anti-apoptotic Bcl-2 protein mRNA by binding to
nucleolin proteins in the cytoplasm via nucleolin-medi-
ated internalization, which results in the death of tumor
cells [21, 22]. According to studies, the AS1411 aptamer
could be utilized to deliver siRNA and treat melanoma
[23]. The AS1411 aptamer can effectively target cancer
cells as a result. This work makes use of the aptamer’s tar-
geting and functionality for colon cancer treatment.

For the treatment of colon cancer, an aptamer-func-
tionalized nucleic acid nanosponge drug (FND) sys-
tem (AS1411@ antimiR-21@ Dox) has been developed.
(Fig. 1). In order to create anti-miR-21 nanospheres with
a lot of AS1411 aptamer binding sites and space for high-
abundance loading, the system uses rolling circle tran-
scription (RCT). RCT is transcribed from circular DNA
to produce a number of extended RNA molecules, which
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Fig. 1 Schematic diagram of the FND preparation principle and application
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then condense into spherical particles to form RNA
sponge balls [24]. Compared to single-stranded RNA,
the RNA molecules in these sponges are more stable. In
order to create the nanosponge drug (NSD) system, Dox
is then loaded into the RNA sponge balls thanks to its
flattened aromatic ring, which may be inserted between
the -G-C-base pairs [25]. As a result, the FND, anti-
miR-21, and AS1411 aptamer are developed via RCT. In
conclusion, this nanosponge drug system allows for the
combined use of chemical and nucleic acid medications
to treat colon cancer since it is customizable, controlled,
targeted, affordable, and able to carry a large payload.

Results and discussion

Preparation and characterization of the RCT amplicon

As shown in Fig. 2a, The RCT reaction depended on
creating a circular DNA template. A DNA template-
promoter complex was created by annealing a single-
stranded DNA template that had been phosphorylated
at the 5’ end with a promoter. This complex could then
be cycled in the presence of T4 DNA ligase. Agar gel
electrophoresis was used to determine the characteris-
tics of the circular products based on the size and struc-
tural variations of the molecules. In Fig. 2b, lanes 2 and
3 exhibit a single-stranded DNA template and a complex
that has undergone annealing and T4 DNA ligase treat-
ment, respectively. Figure 2b showed that lane 3 migrated
at a slower rate, which was consistent with the results
obtained by previous studies [26], illustrating the forma-
tion of the circular DNA template. To further ensure that
the majority of the template could hybridize with the pro-
moter to form the loop, the ratio of the template concen-
tration to the promoter concentration in this study was
set at 1:1.2 for the RCT based on references in the exist-
ing literature and preliminary experimental optimization.

With the addition of DNA-Apt annealing, the subse-
quent RCT reaction was carried out under the optimum
conditions mentioned above. Prior to the reaction, the
system was clear and transparent, but after the reaction
was finished, it appeared cloudy with a discernible white
precipitate at the bottom of the EP tube (Fig. 2c). The
products underwent 2% agarose gel electrophoresis after
being centrifuged-washed. The nucleic acid product from
Lane 3 had a large molecular weight, demonstrating the
effectiveness of the rolling loop transcription procedure
(Fig. 2¢).

The amounts of the template, T7 RNA polymerase, and
DTT were adjusted, and agarose gel electrophoresis was
used to describe them in order to produce a better roll-
ing loop transcription system. Large molecular weight
nucleic acid chains were produced as the concentration
of the circular template rose, as evidenced by the appear-
ance of visible bands with slow migration rates that
become brighter (Fig. 2d). The concentration of the cyclic
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template utilized in the following experiments was cho-
sen at 1 M after taking the yield and synthesis cost into
account. When the T7 RNA polymerase concentration
was optimized (Fig. 2d), Lane 3 became brighter, indicat-
ing a rise from 2.5 U/L to 5 U/L. It was decided to opti-
mize the T7 RNA polymerase concentration at 5 U/L.
The bands in lanes 2 to 4 with a different DTT concen-
tration did not show any discernible variations, showing
that the DTT concentration had a negligible impact on
the product quantity (Fig. 2d). RCT is a time-dependent
reaction that affects RCT yield and product particle size,
according to reports [24]. Dynamic light scattering was
used in this investigation to describe the products at 8 h,
16 h, 24 h, and 32 h (Table S1). The longer the reaction
period, the larger the product and the lower the poten-
tial, suggesting that the nucleic acids were created grad-
ually. The reaction was finished at 24, as evidenced by
the fact that the product size and potential did not vary
appreciably during 36 h as compared to 24 h. As a result,
the optimal reaction time for RCT was 24 h.

For the purpose of initially confirming the presence of
nucleic acid products, the precipitate was stained with
SYBR Gold. The results revealed a large number of green
fluorescent spots (Fig. 2e), demonstrating that the pre-
cipitate was created by the co-assembly of nucleic acids
and did not contain or consist exclusively of magnesium
pyrophosphate. Additionally, the products underwent
field emission scanning electron microscopy character-
ization. Rolling ring-based transcriptional micron flowers
(RMFs) are spherical, flower-like structures with micron
dimensions that showed folded lamellae on their sur-
faces. The existence of C, N, O, Mg, and P was confirmed
by scanning electron microscopy (SEM) and energy dis-
persive spectroscopy (EDS) elemental mapping (Fig. 2g
and h). Additionally, the volume was estimated (Fig. 2i).
Magnesium pyrophosphate (Mg,P,0,+3.5H,0) crystals
are formed during RCT due to the Mg”* reaction in the
buffer with the pyrophosphate anion (PPi), a by-prod-
uct of nucleic acid polymerization [27, 28]. The energy
spectrum results supported earlier research on RNA
polymerization using cyclic DNA templates [26, 29],
demonstrating the viability of the RCT method.

Preparation and characterization of FND

RMFs were used for Dox co-delivery to load Dox. After
centrifuging the supernatant at a maximum excitation
wavelength of 480 nm and a maximum emission wave-
length of 596 nm, the fluorescence intensity was evalu-
ated at various Dox concentrations (Figure Sla). The
difference in fluorescence intensity achieved a compara-
tively steady value (Figure S2) when the Dox concentra-
tion reached 50 M (Fig. 3a), demonstrating that Dox and
RMFs had attained a relative saturation state. Free Dox
and the RMFs/Dox were resuspended in RNase-free H,O
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Fig. 2 (a) Schematic diagram of the construction of the circular template used for RCT. (b) 2% agarose gel image. Lane 1: 2 Kbp DNA Ladder; lane 2: linear
DNA template; lane 3: circular DNA template. (c) Agarose gel to verify the feasibility of RCT (lane 1: 2 K bp DNA ladder; lane 2: circular DNA template; lane
3: RCT-based product) and illustration. (d) Agarose gel electrophoresis images of RCT products at different template concentrations (lane 1: 2 K bp DNA
ladder; lane 2: 0.25 uM; lane 3: 0.5 uM; lane 4: 1 uM; lane 5: 2.5 uM), T7 RNA polymerase concentration (lane 1: 2 K bp DNA ladder; lane 2: 2.5 U/uL; lane 3:
5 U/uL), and DTT concentration (lane 1: 2k bp DNA ladder; lane 2: T mM; lane 3: 2.5 mM, lane 4: 5 mM). (e) SYBR Gold staining to verify the feasibility of
RCT (scale bar: 20 pm). (f) SEM to verify the feasibility of RCT (scale bar: 1 um). (g) Element composition diagram of RMFs. (h) EDS images of C, N, Mg, O, P
(scale bar: 1 um). (i) Content of elements C, N, O and P (normalized by reference to Mg)

or PBS, and the fluorescence intensity was evaluated at
Oh,2h,4h,6h,8h,and 10 h to ascertain the stabil-
ity of the RMFs loaded with Dox. According to the find-
ings, the RMFs/Dox system’s fluorescence intensity did
not change considerably after 10 h (Fig. 3b). These RMFs
loaded with Dox remained relatively stable in the PBS
and RNase-free H,O.

RMFs were micron-sized particles, which had an
impact on how well cells absorbed them. Cationic Poly-
ethyleneimine (PEI) reacted with the extremely nega-
tive charge on the surfaces of the RMFs via electrostatic
adsorption to produce particle size reduction [24]. In
order to optimize the PEI concentration and compress
the RMFs/Dox, PEI was employed in this investigation
(Fig. 3c). The particle size was 278 nm after 2 h of incuba-
tion with PEI and RMFs/Dox (Fig. 3d). The change from
negative to positive in the surface charges of the particles,

which was measured and was found to be between 40
and 50 mV (Fig. 3e), indicated that the RMFs/Dox and
PEI had been successfully assembled. Additionally, it is
possible that the FND may interact with serum albumin
following IV injection due to its highly positive surface
charge, which could lead to aggregation and clearance.
When PEI was further diluted to 15 mg/mL (PEI-15), the
particles showed no additional shrinking. PEI is some-
what hazardous at high concentrations when used as a
compression reagent (Figure S3). Evaluation of the func-
tional nucleic acid nanoparticles’ PEI content revealed
no extra cell toxicity, confirming the system’s safety and
effectiveness.

Fluorescence spectrophotometry was used to deter-
mine the Dox encapsulation rate. By measuring the
fluorescence intensity at various Dox concentrations,
the standard fluorescence-dose curve was discovered.
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In the range of 0.01 M-200 M, a significant linear con-
nection (R?=0.9895) between the Dox and the fluores-
cence intensity was discovered (Figure S4), allowing the
Dox concentration to be calculated. The RMFs had a
maximum Dox encapsulation rate of 73.8% (Fig. 3f). But
using PEI to incubate and centrifugally elute the RMFs/
Dox resulted in further Dox loss in the supernatant. An
encapsulation FND Dox rate of 18.67% was determined
by measuring and calculating the Dox concentration of
this fraction. This was higher than the 8.2% observed in
earlier studies [30], indicating that FND has a high Dox
encapsulation rate. Transmission electron microscopy
(TEM) and dynamic light scattering (DLS) were used to
assess the FND when the circumstances were improved
(Fig. 3 g and 3 h). According to the findings, the FND was
present as scattered particles with an estimated 270 nm
size and a potential of 40 mV (Fig. 3i).

Targeting and uptake of FND by SW480 cells

Normal human hepatocytes, L02, were chosen as the
control group and human colon cancer cells, SW480, as
the experimental group to study the cell-targeting effect
of END. The Carboxyfluorescein (FAM)-labeled FND was
incubated with L02 and SW480 cells for 8 h, respectively.
Following an 8-hour incubation with FND, flow cytom-
etry showed that the initial fluorescence intensity of the
cells was 2.3+0.1 for L02 cells and 2.8+0.1 for SW480
cells, respectively, with an average fluorescence inten-
sity of 10.1+0.7 for L02 cells and 38.6+1.4 for SW480
cells (Fig. 4a and b). As AS1411 targets nucleolin, non-
targeted LO2 cells also displayed modest FND uptake.
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Although it is expressed on the surfaces of normal cells as
well, cancer cell surfaces are where it is mostly expressed.
Therefore, L02 cells with poor nucleolin expression also
exhibited a certain degree of FND uptake. However,
SW480’s fluorescence was more intense, suggesting that
the FND had some target recognition abilities and could
carry out aptamer-based targeting, proving the FND’s
capacity to target SW480 cells.

To explore the FND uptake by SW480, FAM-labelled
FND were incubated with SW480 cells for 8 h, and the
nuclei were stained with 4,6-diamidino-2-phenylindole
(DAPI). The Dox signal was red surrounding the nucleus,
while the FAM signal was green. Additionally, the com-
bined image revealed the presence of yellow fluorescence
in the vicinity of the nucleus (Fig. 4c), demonstrating the
uptake of FND by the cells. In particular, the blue DAPI
signal and the red Dox signal were mixed together. By
embedding it in DNA, interfering with transcription,
and blocking the production of mRNA, the major Dox
mechanism involves the impairment of its usefulness
as a template for nucleic acid synthesis. This exerted an
anti-tumor effect, indicating that Dox accumulated in
the nucleus, and was released by FND upon entry into
the cell. Flow cytometry showed that the initial fluores-
cence intensity of the SW480 cells was 2.8+0.1, reaching
36.012.2 after FND incubation for 8 h (Fig. 4d), further
demonstrating the FND uptake by SW480. This suggests
that FND has the potential to synergistically exert anti-
miR-21 and Dox anticancer effects.
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Fig.4 (a) Cellulartargeting of FND to L02 and SW480 cells. (b) Data statistics of targeting detection. (c) Uptake of FND by SW480 after 8 h via fluorescence
microscope (scale bar: 100 um). (d) Uptake of FND by SW480 before and after 8 h via flow cytometry
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Fig.5 (a) Effect of different concentrations of Dox and FND on the viability of SW480 cells (*p < 0.05, **p < 0.01). (b and ¢) Flow cytometry detection of cell
apoptosis induced by FND (*p < 0.05, **p <0.01). (d) Fluorescence microscopy detection of cell apoptosis induced by FND (scale bar: 100 um). (e) Changes
in the expression of genes related to cell proliferation and apoptosis induced by FND (*p <0.05, **p <0.01)

Anti-tumor effect of in vitro FND targeting

Free Dox was employed as the control, and SW480 was
subjected to different concentrations (0-4.5 M) gradi-
ents of free Dox and FND, respectively, for 24 h, to assess
the lethality of EFND on SW480 cells and to establish the
concentration of FND-treated cells in subsequent experi-
ments. The encapsulated Dox concentration served as
the foundation for the FND concentration. As the quanti-
ties of free Dox and FND rose in a dose-dependent way,
cell viability reduced. The ICy, of the FND was approxi-
mately 1 uM, and the cell viability was 82.67% at a free
Dox concentration of 1 uM, while the ICy, of the free
Dox reached approximately 4.5 uM (Fig. 5a). The findings

demonstrated that FND was fatal to SW480 at concentra-
tions lower than free Dox, suggesting promise as a syn-
ergistic treatment approach since it lessened the toxic
effects of chemotherapeutic medicines. Finally, 1 pM
was selected as the cell treatment concentration for both
END and free Dox.

In this study, the apoptosis that Dox and FND cause
in SW480 cells was also examined. In contrast to the
1.61% rate in the control group, the apoptosis rate con-
siderably increased to 3.39% and 8.03% in the Dox and
END groups, respectively (Fig. 5b and c). The fact that
the FND group’s apoptosis rate was considerably differ-
ent from that of the Dox group suggests that FND greatly
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increased apoptosis in the SW480 cells. The results of
the fluorescence microscopy showed that the morphol-
ogy of the SW480 cells altered dramatically after 24 h
of Dox and FND treatment, going from the somewhat
rounded morphology of the cells before to treatment to
an elongated, diamond-shaped morphology. Addition-
ally, both the Dox and FND groups had red PI and green
Annexin-V FITC fluorescence (Fig. 5d). This revealed
that considerable SW480 apoptosis was induced by FND,
which was consistent with the flow cytometry findings.
Furthermore, this study examined the expression of some
proliferation- and apoptosis-related genes in SW480. The
proliferation-related gene Ki-67 is strongly linked to the
expansion of several types of cancer cells and is essential
for the development and growth of tumors. By lower-
ing homogenous intercellular adhesion, fostering tumor
angiogenesis, and altering the extracellular matrix, it may
also encourage tumor spread and invasion [31]. Apopto-
sis is a process of programmed cell death regulated by a
variety of genes, while caspases and Bcl-2 play important
regulatory roles in tumor cell apoptosis. Caspase-3 and
caspase-9 cause apoptosis and play an important role in
tumorigenesis and development [32, 33]. Bcl-2 includes
the most representative apoptosis suppressor gene, Bcl-
2, and the most representative apoptosis promoting gene,
Bax [34, 35]. Ki-67 expression in SW480 cells fell some-
what but not dramatically after 24 h of END treatment,
but caspase-3, caspase-9, and Bax expression levels were
markedly up-regulated, and Bc/-2 expression was mark-
edly down-regulated (Fig. 5e). These findings added to
the evidence that FND caused apoptosis.

Using a JC-1 probe, the A¥m of the cells treated with
END for 24 h was assessed in order to describe the
influence of FND on mitochondrial membrane poten-
tial (MMP) modulation. In the mitochondrial matrix,
this probe aggregated to create JC-1 polymers (red) at
high MMP and JC-1 monomers (green) at low MMP.
The results showed significant green fluorescence in the
apoptosis-inducer Carbonyl cyanide 3-chlorophenyl-
hydrazone (CCCP), Dox, and FND groups compared to
the control, indicating the production of JC-1 monomers
(Fig. 6a). This proved that FND caused the MMP in the
SW480 cells to drop, proving that early apoptosis had
taken place.

This investigation also looked at how FND affected the
cell cycle. PI dye was used to mark the cells, and flow
cytometry was used to calculate the relative concen-
tration of intracellular DNA. The percentages of cells
in the G2 phase increased in the Dox and FND groups
relative to the control group from 15.12 to 77.16% and
71.74%, respectively, while the percentages of cells in the
G1 and S phases decreased from 39.42 to 19.29% and
14.94%, respectively (Fig. 6b and c). These results dem-
onstrated that SW480 cells were primarily in the G2/M
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phase following Dox and END treatments. These findings
demonstrated that FND caused G2/M phase arrest in the
SW480 cells, indicating aberrant cell growth. In other
words, FND could inhibit the cell proliferation of SW480
by inducing cell cycle arrest.

The impact of END therapy on the ROS levels in SW480
cells was also investigated in this study. The H,0,, Dox,
and FND groups showed a significantly higher mean flu-
orescence intensity than the control group (Fig. 6d). The
fluorescence intensity of the FND group was 91.0+£9.7,
which was substantially higher than that of the Dox
group at 73.5%4.5 (Fig. 6e and f). According to consistent
findings from flow cytometry and fluorescence micros-
copy, FND caused oxidative damage in the SW480 cells
by causing an intracellular ROS burst.

Finally, miR-21 expression was discovered. After 24 h
of Dox treatment, miR-21 expression in SW480 con-
siderably increased in comparison to the control group,
however after 24 h of FND treatment, there was no dis-
cernible difference (Figure S5). Additionally, miR-21
expression was significantly lower in the FND group
compared to the Dox-treated group under the same con-
centration conditions (same 1 pM Dox), indicating that
anti-miR-21 in FND played a role and that Dox and anti-
miR-21, the functional components of FND, could have a
synergistic effect on SW480.

Transcriptomics reveal the potential mechanism behind
anti-tumor effect of FND

Transcriptomics analysis was performed on the SW480
cells in the control and FND groups in order to investi-
gate the probable mechanism underlying FND-induced
cytotoxicity. First, a total of 9356 differentially expressed
genes (DEGs, p<0.05 and log,|fold change| > 1) were
identified in the FND and CK groups, of which 4562 were
up-regulated and 3991 were down-regulated. Their dis-
tribution is shown in Fig. 7a and b. As a result, giving the
SW480 cells a treatment of 1 uM FND for 24 h drastically
altered their gene expression profile. Table 1 displays the
top 20 DEGs.

Gene Ontology (GO) and the Kyoto Encyclopedia of
Genes and Genomes (KEGG) databases were used to
examine the DEGs. The three categories considered in
the GO enrichment analysis were biological processes
(BP), molecular functions (MF), and cellular compo-
nents (CC). In contrast to CC, which focused on cytosol,
nucleoplasm, and protein complex components, the MF-
related enrichment analysis primarily focused on pro-
tein binding and RNA binding (Fig. 7c). Cell division and
DNA replication were the main topics of the BP-related
enrichment study (Fig. 7c). The KEGG database was used
to find the top 20 signaling pathways. Cell cycle, cancer,
cellular senescence, and p53 signaling pathways were the
main signaling pathways involved (Fig. 7d).
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Table 1 The top 20 DEGs

Gene-ID Log,(fold-change) p-value Change
BCAR1 -0.263480991 0.010122 Up
KLHDC10 -0.263528783 0.004392 Up
NAIF1 -0.263602452 0.044304 Up
ASB8 -0.263644472 0.029631 Up
FBXO28 -0.263969334 0.00876 Up
MED6 -0.26406292 0.006429 Up
GOLPH3L -0.264197449 0.008392 Up
PFKL -0.264223736 0.00406 Up
SGPL1 -0.264599955 0.002325 Up
ASHTL -0.264773015 0.014215 Up
SLC25A48 6437223 3.03e-13 Down
C30rf80 5.769758 1.33e-05 Down
C2CD4C 5200656 1.08e-31 Down
SCN1B 4.677231 0.007549 Down
RP11-715J22.2 4670051 0.008758 Down
PALM3 4.589662 4.15e-30 Down
FXYD7 4.568897 0.016772 Down
RP11-728G15.1 4.529956 0.002361 Down
CACNG4 4485656 0.012373 Down
NRTN 4470327 4.00e-20 Down

In addition, the Reactome and Metascape databases
(https://reactome.org and https://metascape.org) were
used to analyze the signaling pathways involving DEGs.
The top 200 DEGs and the related pathways were ana-
lyzed, 20 of which were mainly enriched via the Reac-
tome database. The top 5 signaling pathways included
G-protein beta: gamma signaling, gene and protein
expression via JAK-STAT signaling after interleukin-12
stimulation, mitotic anaphase, mitotic metaphase, and

interleukin-12 signaling (Fig. 8a). Of these 20 pathways,
those associated with the cell cycle included mitotic ana-
phase and the phosphorylation of APC/C. The signaling
pathways associated with apoptosis included the SMAC
(DIABLO)-mediated dissociation of IAP: caspase com-
plexes, and caspase activation via apoptosome-mediated
cleavage. The signaling pathways related to signal trans-
duction included G-protein beta: gamma signaling,
B-catenin formation: TCF transactivating complex, G
beta: gamma signaling via CDC42, and the Wnt signaling
pathway (Fig. 8a).

The top 20 signaling pathways were identical to
those enriched using the Reactome database, accord-
ing to the enrichment assessment of the top 200 DEGs
via the Metascape database. Genes and enriched path-
ways were revealed to be correlated and to interact with
one another (Figure S6). The cell cycle, the mitotic cell
cycle, and nuclear envelope reassembly were all linked
to it (Fig. 8b). Hydrolase activity modulation was one of
those connected to cell death (Fig. 8b), whereas the Rho
GTPase, MAPK, and Wnt signaling pathways were those
connected to signal transduction.

Furthermore, to verify the accuracy and reliability of
the transcriptomics results, seven DEGs were selected for
real-time polymerase chain reaction (PCR). The BCARI,
KLHDCI0 and FBX028 was significantly up-regulated
(Fig. 8c), while that of SLC25A448, C30rf80, and SCN1B
was considerably down-regulated (Fig. 8c), which was
consistent with the transcriptomics results, confirming
their accuracy and reliability.
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Fig. 7 (a) Cluster analysis of DEGs in volcanoes. (b) Heat map of clustering analysis of DEGs. (c) GO enrichment pathway analysis of DEGs. (d) KEGG enrich-
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a

Chromatin  Metabolism
organization 3
oo'::::on Immune System \Vig A 17 Programmed
g DNA Replication Cell Cyce Cell Death
- Drug ADME R Yaas!
Digestion "
and absorption -
Circadian Clock N
DNA Repair  Transport of
small D Cellular
D T 8‘9“3' - to stimuti~
Biology S Organelle biogenegig
s Sensory and maintenance
Perceplon s Extracellular
i matrix organizati
Neuronal System Metabolism Vesicle-mediated
Gene s of proteins transport
y : (T epase Cell-Cell
& ) communication

ReHSA-1640170: Cell Cycle
hsa05200: Pathways in cancer

10: MAPK signaling
itotic cell cycle

—

WP

G0:0043009: chordat
R-HSA-195721: Signaling by WNT
60:0050801: ion homeastasis

CORUM:287: ARC-L complex

hsa05016: Huntington disease
peri

R-HSA-194315: Signaling by Rho GTPases
ay

mi
1659: Gastrin signaling pathwa

5: positive regulation of hydrolase activi
M7955: SIG INSULIN RECEPTOR PATHWAY IN CARDIAC MYOCYTES
te embryonic development

s
60:0001833: inner cell mass cell proliferation
R-HSA-2995410: Nuclear Envelope (NE) Reassembly
hsa04919: Thyroid hormone way

: signaling pathway
M41: PID ER NONGENOMIC PATHWAY

Relative expression

1 2

3 a4
40g10(P)

Fig. 8 (a) Reactome enrichment pathway analysis of DEGs. (b) Metascape enrichment pathway analysis of DEGs. (c) The mRNA expression by Real-time
PCR after FND treatment (*p < 0.05, **p <0.01)



Zhu et al. Journal of Nanobiotechnology (2023) 21:182

Conclusion

This study develops an NSD for the targeted delivery of
AS1411, antimiR-21, and Dox to treat colon cancer. This
nanosystem is assembled via RCT to obtain the AS1411
aptamer and antimiR-21 sponge balls. Dox is skillfully
embedded between the -G-C-base pairs on the sponge
ball to achieve nano-synergistic therapeutic system
assembly (AS1411@ antimiR-21@ Dox). Additionally,
a large number of AS1411 aptamers directed the NSD’s
distribution to cancer cells. An in vitro cell model is used
to assess the lethality of FND by looking for changes in
cell viability, cell apoptosis, cell cycle, ROS concentra-
tion, and MMP. Transcriptomics also reveals FND’s anti-
tumor effect via mitotic metaphase and anaphase, as well
as SMAC-mediated dissociation of IAP: caspase com-
plexes. Therefore, this system displays the potential for
the synergistic treatment of colon cancer by inducing cell
cycle arrest and cell apoptosis.

Materials and methods

Materials

The T4 DNA ligase, 10xT4 DNA ligase buffer, T7 RNA
polymerase, and 10xT7 RNA polymerase buffer were
purchased from Novoprotein Scientific Inc. (Suzhou,
China). The phi29 DNA polymerase and 10xphi29 DNA
polymerase buffer were obtained from New England
Biolab (UK). The RNase inhibitor, ethidium bromide
(EB), DNA Ladder, RNase-free H,O, TransScirpt® One-
Step gDNA Removal and ¢cDNA Synthesis SuperMix
and RealMsterMix(SYBR Mix)were purchased from
Tiangen Biotech Co. Ltd. (Beijing, China). The DTT
and dNTP Mixture were obtained from Takara (Beijing,
China), while the rNTP Mixture and SYBR Gold were
purchased from Thermo Fisher Scientific (MA, US). The
Tris-base and ethylene diamine tetraacetic acid (EDTA)
were obtained from Biotopped Life Sciences (Beijing,
China). The sodium chloride (NaCl), sodium monohy-
drogen phosphate (Na,HPO,), monopotassium phos-
phate (KH,PO,), and dimethylsulfoxide (DMSO) were
supplied by Sigma-Aldrich (St. Louis, MO). The SW480
cells, human colon cancer cells, and L02 cells, normal
human hepatocytes, were acquired from the National
Experimental Cell Resource (BMCR) sharing platform
(Beijing, China). The Dox and Dulbecco’s Modified Eagle
Medium (DMEM) were obtained from Solarbio Life Sci-
ences (Beijing, China), while the fetal bovine serum (FBS)
and Trypsin-EDTA (0.25%) were purchased from Gibco
(USA). The Cell Counting Kit-8 (CCK-8), Cell Cycle and
Apoptosis Analysis Kit, Annexin V-FITC Cell Apop-
tosis Kit, MMP assay kit with JC-1, and ROS Assay Kit
were obtained from Beyotime (Beijing, China). All DNA
sequences were synthesized by Sangon Biotech (Shang-
hai, China).
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Construction of circular template DNA

The hsa-miR-21 sequence was queried against the
miRNA database, miRBase (http://www.mirbase.org/
index.shtml). The AS1411 aptamer and T7 promoter
sequences were obtained from available references [19,
21, 36] (Table S2). This study designed the DNA template,
promoter, and Apt-DNA sequences. The cyclization of
the single-stranded DNA template was then carried out.
The DNA template, promoter, 10xT4 DNA ligase buffer,
and RNase-free H,O were added to 200 pL EP tubes and
mixed, placed in a PCR instrument at 95 °C for 10 min,
and cooled to 25 °C at a 1 °C/min gradient. Next, 4.8 pL
of T4 DNA ligase (40 U/uL) was added to the system,
mixed thoroughly, and placed in a PCR machine over-
night at 16 °C to obtain the ligated product. The product
was then mixed with phi29 DNA polymerase, 10xphi29
DNA polymerase buffer, and RNase-free H,O and placed
in a PCR machine for 2 h at 30 °C. The product was col-
lected and stored at 4 °C. The circle template products
were verified via 2% agarose gel electrophoresis.

Optimization of the RCT conditions

The circular template concentrations, T7 RNA poly-
merase, DTT, and PCR reaction time were optimized for
maximum RCT results. Here, the rNTP, RNAase inhibi-
tor, RNA polymerase buffer, and T7 RNA polymerase
were mixed in an RNase-free 200 pL EP tube. Water was
added to the final volume and vortexed gently to mix
well. The mixture was placed in a PCR instrument at
37 °C, after which 6.4 uL. DNA-Apt was added at 65 °C
for 5 min and lowered to room temperature at a 2 °C/min
gradient, followed by storage in a refrigerator at 4 °C for
2 h. The product was washed with RNase-free H,O via
centrifugation (4 °C, 12,000 g, 30 min) and resuspended
to its original volume with RNase-free H,O. The circle
template concentrations were set to 0.25 uM, 0.5 uM, 1
uM, and 2.5 pM, while those of the T7 RNA polymerase
was 2.5 U/uL and 5 U/pL, respectively. The final DTT
concentrations in the T7 RNA polymerase buffer were
1 mM, 2.5 mM, and 5 mM, respectively, while the PCR
reaction times were 8 h, 16 h, 24 h, and 48 h, respectively.
Finally, the circle template products were analyzed via
2% agarose gel electrophoresis to determine the RCT
conditions.

Verification of the RCT products

The SYBR Gold dye was diluted with 1 x TBE and incu-
bated with the product for 10 min, protected from light,
and washed via centrifugation with RNase-free H,O
(4 °C, 12,000 g, 30 min). The process was finished by
dropping the sample onto a slide and applying nail polish
on the coverslip. After that, the item was examined using
a fluorescence microscope and blue light excitation.
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DLS analysis

The FND was diluted with RNase-free H,O in appropri-
ate amounts and sonicated for 2 min for thorough dis-
persion. Particle size and potential cuvettes received the
samples, accordingly. Using a Nano ZS90, the samples’
potential and particle size distribution were assessed.

SEM analysis

The product was washed with RNase-free H,O, centri-
fuged (4 °C, 12,000 g, 30 min), resuspended in RNase-
free H,O, and sonicated for 2 min to disperse well. A
drop of 3 uL was added to the center of the smooth sur-
face of a clean 5x5 mm single-polished silicon wafer and
placed in a metal bath at 37 °C to dry. Prior to detection,
the sample was gold-sprayed onto the wafer. The product
morphology and size were evaluated using 2 kV electron
microscopy scanning.

EDS analysis

An SEM fitted with an EDS detector was used to carry
out the EDS characterization. The samples were made
by adding each component dropwise to the middle of
a clean, single-throw silicon wafer, then drying them
at 37 °C in a metal bath. A non-standard quantitative
method was employed to determine the relative atomic
ratio normalized to each particle’s Mg content for the
EDS examination.

Preparation of the FND

The product was mixed with different Dox concentra-
tions (1 uM, 5 uM, 10 pM, 20 puM, 50 uM, and 100 uM).
At the same time, the same volume of RNase-free water
was mixed with Dox concentrations (1 pM, 5 pM, 10 pM,
20 uM, 50 pM, and 100 uM). Then, these samples were
incubated on a shaker in a cold room at 4 °C for 2 h.
The samples were then centrifuged at high speed (4 °C,
12,000 g, 30 min), and the supernatant was used to deter-
mine fluorescence intensity using a microplate reader
(ELx808, USA). The difference between the two groups
of fluorescence intensity was taken to make a line chart.
When the difference value is in a relatively stable stage,
it indicated that the loading of products on Dox has
reached a relatively saturated state.

Encapsulation efficiency and loading capacity of the FND
To characterize the stability of Dox loading in RNase-free
H,O and PBS, free Dox and products loaded with Dox
were resuspended in RNase-free H,O or PBS, respec-
tively, while the fluorescence intensity was monitored
at O h, 2 h,4 h, 6 h, 8 h, and 10 h, respectively, using a
microplate reader (ELx808, USA).

A fluorescence spectrophotometer was employed to
measure the fluorescence intensity of the different Dox
concentrations (0.01 uM, 0.1 uM, 1 uM, 5 uM, 10 uM, 100
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uM, and 200 pM) and create a standard curve. The Dox
encapsulation rate was calculated using the following for-
mula: Loading capacity of Dox= (total Dox amount- Dox
amount in the supernatant)/total Dox amountx100.

Characterization of the FND

The FND was characterized using DLS and TEM. The
DLS procedure was the same as mentioned above. The
END was washed with RNase-free H,O, centrifuged
(4 °C, 12,000 g, 30 min), resuspended in RNase-free H,O,
and sonicated for 2 min to disperse well. A small amount
of the sample solution was dipped in a copper mesh,
blown dry with nitrogen, and observed via TEM.

Cell culture

The SW480 and L02 cell medium consisted of DMEM
basal medium containing 10% (v/v) FBS, 100 U/mL peni-
cillin, and 100 U/m streptomycin. The cells were cul-
tured at 37 °C in 5% CO2 and 95% saturated atmospheric
humidity conditions. Cell passaging was performed via
0.25% trypsin digestion. For cell seeding, the cells were
inoculated into 96-well, 6-well, or 24-well plates for 24 h,
according to the experimental requirements. When the
cells reached 70% confluence, the cells were treated with
END or Dox, followed by subsequent experiments.

FND targeting

The FND was prepared using a FAM-labeled aptamer
(FAM-Apt) to obtain fluorescently labeled FAM-END.
The SW480 and LO2 cells were seeded into 6-well plates,
while control and FAM-END groups were established,
with three replicate wells in each group. The cells were
treated with FAM-END for 8 h when they reached 70%
confluence. Finally, the cells were resuspended in PBS, fil-
tered through a 40 pum cell strainer into a flow tube, and
examined via flow cytometry.

FND uptake

The SW480 and L02 cells were seeded into 24-well plates
and treated with FAM-END for 8 h when they reached
70% confluence. The culture medium was discarded, after
which the cells were washed once with PBS and incu-
bated with DAPI at 37 °C for 5 min. The working solution
was discarded, and the cells were washed, after which
they were examined via fluorescence microscopy and
flow cytometry for detection.

Cell viability

The SW480 cells were seeded into a 96-well plate for
24 h. When they reached 70% confluence, different
END or Dox concentration gradients (Dox concentra-
tion: 0 pM, 0.02 pM, 0.2 pM, 0.37 uM, 0.75 uM, 1 uM,
1.5 uM, 3 pM, and 4.5 uM) of 100 pL culture solution
was used to treat the cells for 24 h. 10 pL of CCK8 was
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added into each well, mixed, and incubated at 37 °C for
1 h. The absorbance was measured at 450 nm using a
microplate reader (ELx808, USA). The cell viability was
calculated using the following formula: Cell viability (%)
= (ODsam'ODblank)/(ODck'ODbIank) x100.

Cell cycle

The SW480 cells were seeded into 6-well plates. CK, Dox,
and FND groups were established. Cells were treated
with FND or Dox for 24 h once they had achieved 70%
confluence, then collected after being washed and
digested. The cells were then rinsed with pre-cooled PBS
and centrifuged once more. The precipitated cell mate-
rial was then resuspended in 1 mL of pre-cooled 70%
ethanol and fixed for an overnight fixation period at 4 °C.
The following day, fixed cells were collected by washing
in PBS that had already been chilled. To collect the cells,
the washing procedure was repeated. The cells were then
incubated for 30 min at 37 °C in the dark and subjected to
flow cytometry analysis.

Cell apoptosis

The SW480 cells were seeded into 6-well plates. CK, Dox,
and FND groups were established, with three replicate
wells per group. When the cells reached 70% confluence,
they were treated with FND or Dox for 24 h and washed
with PBS, followed by cell digestion and centrifugation
to collect the cell precipitate. The cell precipitates were
then resuspended using 195 uL Annexin V-FITC con-
jugate from the Annexin V-FITC assay kit, followed by
the addition of 5 pL. Annexin V-FITC and 10 pL PI, and
mixed well. The cells were incubated for 25 min at room
temperature, protected from light, and detected via flow
cytometry or observed via fluorescence microscopy.

ROS content

The SW480 cells were seeded into 6-well plates. CK,
H,0O, positive, Dox, and FND groups were established,
with three replicates in each group. After 21 h of treat-
ment, the medium in the positive wells was replaced
with fresh medium containing 500 uM H,0,, and the
cells were treated for another 3 h. After collection, the
cells were suspended in a fluorescent DCFH-DA probe
(10 uM) diluted in serum-free culture, incubated for
20 min at 37 °C, protected from light, washed three times
with serum-free culture medium, and prepared for flow
cytometry or fluorescence microscopy.

MMP

The SW480 cells were seeded into 24-well plates. CK,
CCCP positive control, Dox, and FND groups were estab-
lished. After 23 h 40 min of treatment, the medium in the
positive control wells was replaced with fresh medium
containing CCCP (10 uM), and the cells were treated for
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20 min. After treatment, the medium was removed, and
the cells were washed once with PBS, followed by the
addition of 250 pL of cell culture medium and 250 pL of
JC-1 staining solution and incubation at 37 °C for 20 min.
After staining, the supernatant was removed, and the
cells were washed twice with 1x JC-1 staining buffer, after
which 500 pL of cell culture solution was added. The cells
were directly observed using a fluorescent microscope.

Quantitative real-time PCR (qRT-PCR)

After discarding the media from the 6-well plate, 1 mL of
Trizol reagent was added, and samples were collected in
RNase-free 1.5 mL centrifuge tubes after 10 min of lysis
on ice. Each sample tube received 200 pL of trichloro-
methane after the samples were lysed on ice for an addi-
tional 10 min. The samples were well mixed, vortexed,
and placed on ice for 15 min before being centrifuged at
4 °C and 12,000 g for that same period of time. Each tube
was then filled with 500 pL of isopropanol, mixed, and
kept on ice for 20 min before being centrifuged at 4 °C at
12,000 g for 20 min and being allowed to air dry at ambi-
ent temperature. The RNA was dissolved with RNase-
free water, and its concentration was determined using
Nanodrop. Finally, the RNA was stored at -80 °C.

U6 and Oligo(dT) were selected as the reference genes
for miRNA and mRNA quantification (Table S3). Here,
the 20 pL reverse transcription system for miRNA con-
sisted of 500 ng RNA, 0.5 pL RT-primer (10 pM), 10 pL
2XTS Reaction Mix, 1 pL TransScript RT/RI Enzyme
mix, 1 uL gDNA Remover, and RNase-free H,O to 20
puL. The 20 pL reverse transcription system for mRNA
consisted of 2 pg RNA, 0.5 pL oligo (dT), 10 uL 2xTS
Reaction Mix, 1 pL TransScript RT/RI Enzyme mix, 1
puL gDNA Remover, and RNase-free H,O to 20 pL. The
reverse transcription program consisted of 42 °C for
15 min and 85 °C for 5 s.

The 20 puL PCR system for miRNA and mRNA included
2x SuperReal PreMix Plus (SYBR GREEN), a forward
primer (10 uM), a reverse primer (10 pM), cDNA, and
RNase-free H,O. The PCR program comprised the fol-
lowing 95 °C for 5 min, 95 °C for 10's, 58 °C for 40 s, and
72 °C for 10 s, with 40 cycles. The melting curve was
detected, and B-actin was used for mRNA normalization.
The RT-PCR primers of all the mRNAs are listed in Table
S4. The relative gene expression was calculated as 2722,
Each sample was detected in triplicate.

mRNA library construction and sequencing

The mRNA was isolated from the total RNA using RNA
binding buffer, wash buffer, Tris buffer, and Mix I, after
which ¢DNA synthesis was performed according to
the protocol. The concentration was measured using
Qubit, while the subsequent library was constructed
using a KAPA Hyper Prep Kit for Illumina. End repair
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was performed first, followed by junction ligation and
finally elution with 30 pL nuclease-free H,O, after which
the concentration was measured using Qubit. The con-
structed libraries were sequenced on the Illumina HiSeq
X Ten platform.

Bioinformatics analysis

After sequencing, the raw data was filtered and pro-
cessed. Following quality evaluation and qualification,
each one was compared with a particular reference
gene before being matched with the genome to provide
mapped reads. Following that, base region distribution
and homogeneity analyses were used to gauge the quality
of the library sequences. After analyzing the differentially
significant genes, the DEGs were screened using fold
changes>1.2 or <1.2 and q<0.05. In order to annotate
the DEGs and correct p<0.05 as the threshold of signifi-
cance, the genomes were examined using the GO, KEGG,
Reactome, and Metascape databases.

Statistical analysis

The data were shown as mean+standard deviation (SD).
In this study, *P<0.05 and **P <0.01 were considered sta-
tistically significant by using Student’s t-test (two-tailed)
analysis.
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