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The field of drug delivery has witnessed remarkable progress, driven by the quest for more effective and precise
therapeutic interventions. Among the myriad strategies employed, the integration of aptamers as targeting moieties and
stimuli-responsive systems has emerged as a promising avenue, particularly in the context of anticancer therapy. The
conventional chemotherapy paradigm often suffers from systemic toxicity, as potent cytotoxic agents are indiscriminately
delivered throughout the body, causing adverse effects on healthy tissues. To address this limitation, the integration of
smart targeting mechanisms has gained prominence. Within this paradigm, aptamers, short nucleic acid sequences with a
unique ability to bind specifically to target molecules, have emerged as valuable targeting ligands. Aptamers share
similarities with antibodies as they exhibit a high affinity for specific targets, making them a focus of research in disease-
targeted therapy owing to their remarkable selectivity. Regarded as promising therapeutic agents, aptamers possess
attributes such as non-immunogenicity, high specificity, and stability.

Keywords: aptamer ; targeted drug delivery ; stimuli-responsive drug delivery

| 1. Aptamers

In 1990, a groundbreaking development marked the emergence of aptamers as synthetic ligands endowed with the
capacity for molecular recognition W2, Aptamers, in essence, represent sophisticated analogs of antibodies, consisting of
concise single-stranded oligonucleotides capable of selectively and strongly binding to proteins, peptides, metal ions, and
cells. This exceptional selectivity and high affinity stem from their distinctive three-dimensional conformation, which is
achieved through intramolecular interactions. Furthermore, aptamers are garnering increasing attention in the realm of
drug targeting due to their advantages such as low toxicity, minimal or absent immunogenicity, and more economical
production, particularly when compared to antibodies &I,

Aptamers have been synthesized using the Systematic Evolution of Ligands by Exponential Enrichment (SELEX)
technique MB&. This method enables the generation of aptamers capable of specifically targeting proteins that are
overexpressed on the surface of particular cells, analogous to a donor-receptor system involving cancer cells. The
SELEX technique can enhance the aptamers’ ability to bind to known or unidentified receptors located on the cell
membrane 8. The binding affinity of an aptamer is typically characterized by dissociation rate constants (kd), which are
associated with dissociation and association rate constants (koff/lkon). Moreover, aptamers can be functionalized with a
variety of materials on the intended sites. Furthermore, aptamers with small molecular weights can be rapidly eliminated
through renal filtration in vivo 4. Aptamer sequences readily accommodate the loading of antitumor drugs targeted
specifically to cancer cells.

Hence, researchers have employed biological, biocompatible, and biodegradable carrier materials like lipids, lactic acid, or
chitosan, as well as various approved non-toxic polymers (owing to their ease of production), or synthetic materials such
as titanium dioxide (TiO,) or cadmium (Cd) as a means to enhance the loading of anticancer agents 8.

Zeng et al. formed aptamer—drug conjugates with doxorubicin (DOX) and an aptamer for targeted cancer therapy in vitro
and in vivo . Synthesizing tripartite newkome-type monomers (TNMs) of DOX with pH-sensitive hydrazone bonds
improves therapeutic potential. Apt—-TNM-DOX, created via a self-loading process, stably carries 15 DOX molecules per
aptamer. The pH-dependent DOX release at a pH level of 5.0 targets lymphoma cells selectively, minimizing off-target
effects. Apt—-TNM-DOX, a non-toxic approach, shows promise for aptamer-based targeted therapeutics, potentially
reducing chemotherapy’s non-specific side effects.

It is worth highlighting that the use of PEGylated-functionalized materials can reduce systemic clearance and enhance the
stability of nanoparticles, which is crucial for the passive targeting of tumors by nanocarriers 19, Furthermore, the
incorporation of different types of aptamer-based modifications on the surface of polymeric nanocarriers can result in
heightened selectivity and sensitivity when targeting specific organs, tissues, and other sites (141,



| 2. Aptamer-Modified Nanomaterials

Because of their distinctive physicochemical attributes, exceedingly small size, expansive surface area, and exceptional
loading capacity, nanomaterials surmount numerous constraints associated with conventional therapeutic and diagnostic
approaches 2. The essence of advancing nanomedicine lies in enhancing the specific recognition capability for
pathological tissues. The conjugation of aptamers with nanomaterials signifies a noteworthy advancement in targeted
drug delivery (Figure 1) 3l In this section, various representative aptamer-based nanomaterials employed for drug
delivery will be discussed.
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Figure 1. A variety of aptamer conjugates for targeted drug-delivery system.
2.1. Aptamer-Gold Conjugation

Being a significant nanomaterial, gold nanopatrticles have garnered substantial attention in the field of biomedicine owing
to their elevated surface-to-volume ratio, low toxicity, outstanding stability, and biological compatibility 24131 Aptamer-
conjugated gold nanomaterials (Apt-AuNPs), combining the distinctive advantageous features of aptamers and gold
nanoparticles, have found extensive application in cancer diagnosis and therapy 18!,

Since the investigation by the Mirkin group utilized DNA molecules to construct a polymeric network of nanoparticles L7,
numerous studies have emerged, including the development of enzyme-responsive Apt-AuNPs for the detection of mucin
1 protein (MUC1) 18] the utilization of Apt-AuNPs in conjunction with graphene oxide for the photothermal therapy of
breast cancer 2, and the design of an aptamer-functionalized AUNPs-Fe30,-GS capture probe for monitoring circulating
tumor cells in whole blood 22,

In a recent study, Khorshid et al. investigated the utilization of gold nanoparticles functionalized with an anti-HER-2
aptamer for the precise delivery of dasatinib (DSB) to breast cancer cells 2. The loading efficiency of the activated drug
on both plain and porous gold nanoparticles was notably elevated (52% and 68%, respectively) compared to that of free
DSB within gold nanoparticles (1 to 2.5%). Porous gold nanoparticles functionalized with the aptamer and loaded with
activated dasatinib demonstrated heightened cytotoxicity and enhanced cellular uptake in comparison to nanoparticles
containing modified DSB or unactivated DSB.

Specifically targeted gold nanobipyramids (GNBs) demonstrate potential as photothermal therapeutic agents and have
diverse applications such as contrast agents, biosensors, and drug-delivery vehicles. Navyatha et al. explored the
efficiency of targeting moieties (aptamers and antibodies) in specifically targeting the MUC1 protein and their impact on
cytotoxicity 2. The results indicate that aptamer-conjugated GNBs exhibit reduced cytotoxicity compared to antibody-
conjugated ones. Aptamer-conjugated GNBs are more effective in photoablating MCF7 cell lines than HCT116 cell lines,
highlighting their potential for targeted photothermal therapy.



2.2. Aptamer-Silica Conjugation

Silica nanoparticles have emerged as feasible carriers in drug-delivery systems [23. These particles have effectively
enabled controlled drug release both in vivo and in vitro, achieved through pH and temperature variations, photochemical
reactions, and specific redox reactions 24, Integrated with aptamers, the silica nanoparticles have demonstrated the
ability to amplify the therapeutic effects against cancer with a reduced dosage of the drug 23,

Recently, Heydari et al. studied surface-modified mesoporous silica nanoparticles (MSNs) for the targeted delivery of
anticancer agents (daunorubicin and cytarabine) to K562 leukemia cancer cells 28, The MSNs were further enhanced
with the KK1B10 aptamer (Apt) to improve uptake by K562 cells through ligand—receptor interactions. MSNs coated with
CS and conjugated with the aptamer exhibited a significantly lower 1Csq value of 2.34 pg/mL compared to MSNs without
the aptamer conjugation (ICsg value of 12.27 pg/mL). The aptamer-modified MSNs exhibited lower ICsq values against
cancer cell lines and demonstrated enhanced anticancer activity in animal models, highlighting their potential as effective
targeted anticancer agents with controlled drug release properties.

Kianpour et al. studied the oncoprotein cell migration-inducing hyaluronidase 2 (CEMIP2) in colorectal cancer (CRC) and
developed an aptamer-based silica nanoparticle for targeted therapy 4. The cell-SELEX technique identified
aptCEMIP2(101), which specifically interacts with full-length CEMIP2. Treatment with aptCEMIP2(101) reduced CEMIP2-
mediated tumorigenesis in vitro. Mesoporous silica nanoparticles (MSN) carrying aptCEMIP2(101) and Dox significantly
suppressed tumorigenesis, with Dox@MSN-aptCEMIP2(101) showing higher efficacy compared to Dox@MSN and MSN-
aptCEMIP2(101) in CRC-derived cells. This research revealed CEMIP2 as a novel oncogene and introduced an effective

aptamer-based targeted therapeutic strategy.

Xie et al. focused on enhancing the targeted delivery of doxorubicin (DOX) to colon cancer cells using aptamer-modified
mesoporous silica nanoparticles (Ap-MSN-DOX) 28], The nanoparticles were characterized for various properties, and
results demonstrated increased binding to EpCAM-overexpressing SW620 colon cancer cells. This led to enhanced
cellular uptake and cytotoxicity compared to non-aptamer-modified nanoparticles (MSN-DOX). Ap-MSN-DOX also
exhibited the significant inhibition of EpCAM expression on SW620 cells, indicating its potential for targeted delivery to
improve therapeutic efficacy while minimizing side effects.

2.3. Aptamer-Carbon Conjugation

Carbon nanomaterials such as graphene and carbon nanotubes are highly valued for their mechanical, optical, and
thermal properties for various biomedical applications 22 (Figure 2).
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Figure 2. Carbon nanomaterials (CNMs) for theranostics.

The conjugation of aptamers with carbon nanomaterials (CNMs) has given rise to theranostic agents B9, revolutionizing
personalized cancer medicine B, target-specific imaging, and the label-free diagnosis of diverse cancers 2. Aptamer-
functionalized CNMs serve as nanovesicles for the precise delivery of anticancer agents, such as doxorubicin 2 and 5-
fluorouracil 34, directly to tumor sites. This innovative approach holds promise for advanced, targeted therapeutic
strategies with reduced side effects in medical treatments.

Zavareh et al. developed a targeted drug-delivery system, the 5-fluorouracil-chitosan-carbon quantum dot-aptamer (5-FU-
CS-CQD-Apt) nanoparticle, using a water-in-oil emulsification method for breast cancer treatment 4], Characterized by
high drug-loading and entrapment efficiency, the nanoparticle exhibited an average size of 122.7 nm and a zeta potential
of +31.2 mV. In vitro studies demonstrated controlled drug release, and functional assays indicated the biocompatibility of
the blank nanoparticle and the efficient tumor cell-killing capabilities of 5-FU-CS-CQD-Apt, making it a potential carbon
nanocarrier for breast cancer treatment.



Zhao et al. introduced aptamer-functionalized Fe3;O0s@carbon@doxorubicin nanoparticles (Apt-Fe;0,@C@DOX) for
synergistic chemo—photothermal cancer therapy 3. The nanoparticles exhibit high photothermal conversion efficiency
and pH/heat-induced drug release. In vitro experiments demonstrate enhanced toxicity towards lung adenocarcinoma
cells (A549) with combined chemo-photothermal therapy compared to individual treatments. Furthermore, the
nanoparticles exhibit decreasing contrast enhancement in magnetic resonance imaging, suggesting potential applications
as contrast agents for the T2-weighted imaging of tumor tissues. Apt-Fe30,@C@DOX nanoparticles hold significant
promise for cancer therapy.

Fullerenes composed of 60 and 70 carbon atoms are spherical carbon allotropes commonly utilized in drug-delivery
systems like carbon nanotubes (CNTs) and graphene. With a size around 1 nm, their geometry and surface area make
them suitable for drug release applications 3. Fullerenes, featuring a stable ellipsoidal structure with apolar properties,
allow for modifications with various drugs or biomolecules, including radioactive atoms for diagnostic purposes. Notably,
C60 exhibits a high stability due to the delocalization of 1t electrons in benzene rings, showing minimal toxicity in in vitro
and in vivo cytotoxicity studies.

Fullerene-based photosensitizers, particularly trimalonic acid-modified C70 fullerene (TF70), show significant potential in
photodynamic therapy (PDT) B8l An aptamer-guided TF70 photosensitizer demonstrates enhanced PDT efficiency
against A549 lung cancer cells, even in the presence of serum. The conjugation of the aptamer (R13) improves the
lysosomal localization of TF70-R13, leading to the increased production of intracellular reactive oxygen species (ROS)
under light irradiation, effectively killing cells. TF70-R13’s enhanced photodynamic efficiency and good biocompatibility
position it as a highly promising tumor-specific photosensitizer for PDT.

Carbon nanotubes (CNTs) have garnered considerable interest as potential nanocarriers for drug delivery B2, Their
distinctive properties, such as an ultrahigh length-to-diameter ratio and efficient cellular uptake, make them promising
nanocarriers in this field. The unique conjugated structure of CNTs is well-suited for Ti—1t stacking interactions with various
drugs and therapeutic molecules that possess aromatic rings, including anthracyclines. This interaction enhances the
potential for the effective loading and delivery of such drugs, contributing to the attractiveness of CNTs as nanocarriers in
drug-delivery applications.

Chen et al. developed an aptamer-siRNA chimera (Chim), polyethyleneimine (PEI), 5-fluorouracil (5-FU), carbon nanotube
(CNT), and collagen membrane, which demonstrated sustained 5-FU release for over two weeks B8, The aptamer-siRNA
chimera enabled specific binding to gastric cancer cells, facilitating the targeted delivery of 5-FU and silencing drug-
resistant genes. In vitro experiments revealed that Chim/PEI/5-FU/CNT nanopatrticles induced apoptosis in 5-FU-resistant
gastric cancer cells, inhibiting their invasion and proliferation. Animal studies showed the significant inhibition of mitogen-
activated protein kinase (MAPK) expression and effective treatment of peritoneal dissemination of 5-FU-resistant gastric
cancer.

Graphene oxides (GOs) have emerged as promising drug carriers for targeted delivery systems due to their good
endocytosis, biocompatibility, and ample surface area for drug loading 2. GO's dispersing capability in water and
physiological environments, attributed to its abundant functional groups like epoxide, hydroxyl, and carboxyl groups,
enhances its appeal. The interaction between these groups and drug functional groups, including hydrogen bonding, -1t
stackings, and hydrophobic interactions, facilitates efficient drug loading onto the nanocarrier.

Shabhidi et al. engineered drug-delivery cargo by decorating carboxylated graphene oxide (cGO) with an aptamer, HB5, for
the simultaneous delivery of DOX and silibinin (Sili) in a combination therapy against MCF-7 and SK-BR-3 breast cancer
cells 29, Apt-cGO exhibited a sheet-like nanostructure with a high entrapment efficiency for both Sili (70.42%) and DOX
(84.22%). The nanocomposites, selectively taken up by breast cancer cells, released both drugs upon the cleavage of the
cGO-drug interaction. Apt-cGO-DOX-Sili nanocomposites demonstrated higher in vitro cytotoxicity than free drugs,
suppressing cancer cell survival sighals and inducing apoptosis, suggesting a promising drug-delivery approach for breast
chemotherapy.

Ganoderenic acid D (GAD) from Ganoderma lucidum, which is known to show anticancer activity 21, was loaded onto a
graphene oxide-polyethylene glycol-anti-epidermal growth factor receptor (GO-PEG-EGFR) carrier to create a targeting
antitumor nanocomposite (GO-PEG@GAD) “2. The carrier, modified with anti-EGFR aptamer, achieved a high loading
content (77.3%) and encapsulation efficiency (89.1%). Targeting to HelLa cells was confirmed in vitro and in vivo. The
subcutaneously implanted tumor mass significantly decreased by 27.27% after GO-PEG@GAD treatment. The
nanocomposite’s in vivo anti-cervical carcinoma activity was attributed to the activation of the intrinsic mitochondrial
pathway.



A pH-sensitive nano-graphene oxide (nGO)-based system was developed for delivering Curcumin (Cur) to MCF cancer
cells 431, Cur is loaded onto nGO, decorated with bovine serum albumin (BSA) for improved stability and protection, and
functionalized with the AS1411 aptamer. The system exhibits 8.9% drug loading, 78.9% loading efficiency, and preferential
release in acidic conditions. MTT tests show growth inhibition, with the AS1411 aptamer enhancing efficiency toward
MCF7 cells due to its significant affinity for highly expressed nucleolin on MCF7 plasma membranes.

| 3. Aptamer-Drug Conjugate

Aptamers, known for high specificity, show promise in targeted therapy. They excel in delivering therapeutic agents
against toxins or hypoimmunogenic agents, surpassing current antibody techniques. Aptamers serve as carriers for
aptamer—drug conjugates (ApDCs), offering advantages in targeted drug delivery 2443l Similar to antibodies in
recognition, aptamers allow for the design of various ApDCs, typically comprising an aptamer, linker, and drug. Aptamers
guide therapeutic delivery to disease sites, modulating target biomarker functions. Their chemical stability, simplicity of
modification, and molecular engineering enable versatile conjugation with therapeutics. ApDCs, effectively inhibiting tumor
growth in vitro and in vivo, present a compelling avenue for targeted therapy.

In pursuit of an enhanced drug-targeting approach, Gray et al. developed a novel class of targeted anticancer
therapeutics—aptamers linked to potent chemotherapeutics [46l. The E3 aptamer, selected for its specificity to prostate
cancer cells, was successfully conjugated to monomethyl auristatin E (MMAE) and monomethyl auristatin F (MMAF). This
resulting cytotoxic agent effectively killed prostate cancer cells in vitro while sparing normal cells. In vivo, the E3 aptamer
targeted tumors, and the MMAF-E3 conjugate significantly curtailed prostate cancer growth in mice. Additionally,
antidotes were introduced to counteract unintended cytotoxicity, serving as a safety switch in vivo.

The Sgc8-c aptamer, binding to PTK7, enables the recognition of haemato-oncological malignancies. Aptamer—drug
conjugates, specifically Sgc8-c-carb-da, were developed by hybridizing Sgc8-c with dasatinib for lymphoma
chemotherapy 4. This conjugate demonstrated the targeted inhibition of lymphocyte growth, inducing cell death,
proliferation arrest, and affecting mitochondrial potential. In an in vitro assay mimicking in vivo conditions, Sgc8-c-carb-da
exhibited 2.5-fold higher cytotoxic effects than dasatinib, offering a promising therapeutic concept for lymphoma and
highlighting opportunities for novel targeted biotherapeutics through chemical synthesis.

The human transferrin receptor-targeted DNA aptamer (HG1-9)-fluorophore conjugates were utilized for visualizing their
internalization and intracellular transport 48l Unlike transferrin, these aptameric conjugates demonstrated prolonged
cellular retention, escaping degradation in late endosomes or lysosomes. About 90% of internalized HG1-9 was retained
in cellular vesicles at pH levels between 6.0 and 6.8, facilitating efficient drug release. These results highlight HG1-9 as a
versatile tool for the specific and effective delivery of diverse therapeutics with accurate release.

Henri et al. investigated a DNA aptamer targeting the cancer biomarker EpCAM for delivering chemotherapy 49, Findings
suggest EpCAM aptamers effectively bind to epithelial ovarian cancer, providing a tunable ligand alternative with
specificity and sensitivity. Aptamers demonstrated cytotoxicity in monolayer, tumorsphere, and tumor-enriching assays,
highlighting their potential for cancer therapeutics. The study supports aptamers’ adaptability through post-SELEX
engineering and proposes their role in developing targeted drug delivery for novel cancer treatments.

A multivalent nanomedicine, HApt-tFNA@Dxd, was developed by combining the anti-HER2 aptamer (HApt), tetrahedral
framework nucleic acid (tFNA), and deruxtecan (Dxd) B9 HApt-tFNA@Dxd exhibited enhanced structural stability,
targeted cytotoxicity to HER2-positive gastric cancer, and improved tissue aggregation in tumors compared to free Dxd
and tFNA@Dxd. The study represents a significant advance in developing DNA-based nanomaterials for HER2-positive
cancer therapy, showcasing HApt-tFNA@Dxd as a promising chemotherapeutic medicine.

Jo et al. developed a tumor-specific bifunctional G-Quadruplex aptamer(BGA) with a dual function, inhibiting
topoisomerase 1 (TOP1) and targeting nucleolin (NCL)-positive MCF-7 cells Bl The BGA-DM1 conjugate demonstrated
a 20-fold stronger anticancer effect than free DM1 and was even 10-fold stronger than AS1411 (NCL aptamer)-DM1. The
research suggests that biased libraries can yield aptamers with effector functions for developing potent aptamer—drug
conjugates, offering a distinct approach to targeted cancer therapy with synergistic effects compared to traditional
antibody—drug conjugates.

Liu et al. introduced a CD71/CD44 dual-aptamer-gemcitabine (CD71-CD44-GEMSs) conjugate for treating bladder cancer
by co-targeting cancer cells and cancer stem cells (CSCs) 52, Evaluations demonstrated CD71-CD44-GEMSs’ selective
binding and significant inhibitory effects on bladder cancer in vitro and in vivo. The conjugate outperformed single-target



GEM conjugates (CD71-GEMs or CD44-GEMSs) in terms of binding affinity and inhibitory efficacy, making CD71-CD44-
GEMs a promising approach for treating bladder cancer by effectively targeting both cancer cells and CSCs.

Lysosome-targeting chimeras (LYTACs) offer a promising avenue for targeted protein degradation, extending to
extracellular targets. However, the conventional method involving the antibody-trivalent N-acetylgalactosamine (tri-
GalNAc) conjugation is complex and time-consuming. Addressing these challenges, Wu et al. introduced aptamer-based
LYTACs (Apt-LYTACSs), enabling the efficient and rapid degradation of the extracellular protein PDGF and membrane
protein PTK7 in liver cells B3l This innovative approach leverages the advantages of aptamer synthesis, overcoming
issues associated with conventional LYTACSs.

The exploration of proteolysis-targeting chimeras (PROTACS) is becoming a promising tools for achieving targeted protein
degradation. Nevertheless, the development of drugs utilizing heterobifunctional PROTAC molecules is commonly
hindered by challenges such as inadequate membrane permeability, limited in vivo effectiveness, and non-specific
distribution. S. He et al. introduces a novel approach to enhance targeted protein degradation using aptamer-proteolysis-
targeting chimeras (APCs). The first designed aptamer—PROTAC conjugate (APC) combines a BET-targeting PROTAC
with the nucleic acid aptamer AS1411 4. This strategy improves tumor-specific targeting, resulting in enhanced in vivo
BET degradation and antitumor potency, along with reduced toxicity in an MCF-7 xenograft model. The findings suggest
that the aptamer—PROTAC conjugation approach holds promise for developing tumor-specific targeting PROTACS,
expanding applications in PROTAC-based drug development.

| 4. Aptamer Conjugation with Organic Material
4.1. Aptamer-Liposome Conjugation

Liposomes stand out as highly successful drug-delivery systems, with several FDA-approved liposome-based systems for
treating diseases in clinical settings 2. These lipid-based structures have demonstrated the ability to extend the
presence of aptamers in the bloodstream. Passive targeting mechanisms, based on the enhanced permeation and
retention (EPR) effect for liposomal drug delivery, showed undesirable systemic side effects and suboptimal antitumor
effectiveness 251, The potential enhancement is conceivable through the utilization of delivery vehicles such as aptamers
possessing active tumor-targeting capabilities 2857,

Iman et al. compared the efficacy of nucleolin-targeted PEGylated liposomal doxorubicin (PLD) with PLD in delivering
doxorubicin to tumors 8, Using AS1411 aptamer-coupled liposomes (AS-PLD), the research evaluated cytotoxicity,
competition, and cellular uptake in vitro, as well as biodistribution, pharmacokinetics, and therapeutic efficacy in C26
tumor models in mice. The results showed that AS-PLD was more potent in killing cancer cells, exhibited specificity in
targeting C26 cells, and demonstrated increased accumulation in tumors after 72 h. The study concludes that AS-PLD is
more therapeutically efficient than PLD, making it a suitable active-targeted formulation for cancer treatment.

Han et al. sought to transport miRNA into hepatocellular carcinoma (HCC) cells utilizing liposomes 9. To boost specificity
for HCC cells, the liposomes were altered with the liver cancer-tropic aptamer TLS11a 89, In mice, liposomes with the
aptamer selectively accumulated in the liver area, contrasting with aptamer-free liposomes, which dispersed throughout
the body. In this system, the aptamer with liposomes exhibited the utmost delivery efficiency. Khodarahmi et al. studied
the clinical use of 5-Fluorouracil (5-FU) for colon cancer, and targeted liposomes were created using an optimized thin film
method B, The anti-nucleolin aptamer (AS1411) served as a ligand for specific colon targeting. Liposomes were coated
with alginate and chitosan to form nanocapsules. Characterization via FT-IR, DLS, zeta potential, and FESEM revealed
spherical liposomes (120 nm) and nanocapsules (170 nm). In vitro MTT cytotoxicity studies on the HT-29 colon cancer
cell line demonstrated that aptamer-conjugated liposomes induced higher cell death than aptamer-free liposomes and the
free drug. Simulated release experiments confirmed the nanocapsules’ efficiency in releasing cargo specifically under
colonic conditions. In another study, AS1411 aptamer-conjugated liposomes were employed for the targeted delivery of
siRNA against the COL1A1 gene in colorectal cancer (CRC) cells 62, Cationic liposomes were synthesized, and the
confirmation of siRNA loading and aptamer conjugation was achieved through the gel shift assay and spectrophotometry.
Cellular studies demonstrated that the liposomal delivery of COL1A1 siRNA into HCT116 and HEK293 cells significantly
reduced gene expression, lowered cell viability, increased chemotherapy sensitivity, and induced apoptosis. Aptamer
conjugation enhanced these effects in HCT116 cells. The study suggests that the AS1411-targeted liposomal delivery of
COL1A1 siRNA is a promising therapeutic strategy for overcoming treatment resistance in CRC.



4.2. Aptamer—Micelle Conjugation

Micelles, composed of amphiphilic molecules self-assembled in aqueous solutions, offer significant advantages in drug
delivery 831, The core—shell structure allows for the encapsulation of hydrophobic drugs within the inner core, shielding
them from the aqueous environment, while the outer shell provides water solubility. This unique architecture enhances
drug stability and bioavailability. Micelles can exploit the enhanced permeability and retention (EPR) effect €4, selectively
accumulating in tumor tissues for targeted drug delivery. Additionally, the nanoscale size of micelles facilitates passive
targeting and improved cellular uptake. Furthermore, their biocompatibility and ability to incorporate various therapeutic
agents make micelles versatile carriers, allowing for the co-delivery of multiple drugs €3 or imaging agents 88!, enhancing
therapeutic efficacy €3], and personalized medicine strategies 4. Hence, the assembly of aptamer—micelle conjugates
demonstrates significant promise in recognizing cancer cells and has potential applications for in vivo drug delivery [€8],

Tian et al. investigated the targeting efficiency and therapeutic efficacy of aptamer-modified polymeric micelles as a drug
carrier encapsulating DOX €9, In vitro cytotoxicity studies revealed enhanced targeting and cytotoxic efficacy against
human pancreatic cancer cells (Panc-1 cells) compared to free DOX and DOX-loaded micelles. The aptamer-decorated
system exhibits superior tumor penetration into Panc-1 cell spheroids and successful DOX release, suggesting the
potential effectiveness of aptamer-modified polymeric micelles for targeted delivery in pancreatic cancer treatment.

The micelle incorporates a targeting aptamer, with the aim of minimizing the therapeutic dosage and reducing off-target
effects 8. The dual redox/pH-sensitive poly (B-amino ester) copolymeric micelles are coupled with the
CSRLSLPGSSSKpalmSSS peptide and TA1 aptamer as dual-targeting ligands for synergistic targeting in the 4T1 breast
cancer model. A physicochemical characterization confirmed the transformative nature of these stealth nanoparticles
(NPs). The micelles, altered into ligand-capped (SRL-2 and TA1) NPs after exposure to the tumor microenvironment,
exhibited reduced protein corona formation in Raw 264.7 cells. Notably, the dual-targeted micelles showed a significantly
higher accumulation in the 4T1 tumor microenvironment, deep penetration 24 h post-intraperitoneal injection, and
remarkable tumor growth inhibition in vivo with a 10% lower therapeutic dose of salinomycin.

The AS1411 aptamer was studied to develop nucleolar-targeted theranostic pluronic F127-TPGS micelles for brain cancer
therapy /4. Docetaxel (DTX) and upconversion nanoparticles (UCNP) were loaded into micelles, and the TPGS-AS1411
aptamer conjugate was added for brain cancer cell targeting. Micelles were 90-165 nm with a uniform distribution. The
DTX and UCNP encapsulation efficiencies were 74-88% and 38—-40%, respectively, with sustained DTX release for 72 h.
DUTP-AS1411 aptamer micelles were biocompatible and showed a higher effectiveness than Taxotere® in cytotoxicity
studies. Brain distribution studies revealed improved efficacy compared to Taxotere®, and histopathology studies
demonstrated reduced toxicity. The study suggests DUTP-AS1411 aptamer micelles as a promising therapeutic approach
for brain cancer with improved efficacy and reduced toxicity.

4.3. Aptamer-siRNA Chimeras

RNA interference (RNAI), first observed in Caenorhabditis elegans, involves 21- to 23-nucleotide RNA duplexes triggering
mRNA degradation /4, The potential of RNAi for therapeutics was evident when exogenous small interfering RNAs
(siRNAs) silenced gene expression in mammalian cells 4. RNAi's appealing therapeutic properties include stringent
target specificity, low immunogenicity, and simple design. However, a major challenge is delivering siRNAs across cell
membranes in vivo. To optimize siRNAs for in vivo use, targeting therapeutic siRNAs to specific cell types is crucial for
minimizing side effects and reducing treatment costs. Aptamer—siRNA chimeras offer numerous advantages for in vivo
applications 2. Both aptamers and siRNAs exhibit low immunogenicity, allowing for safe use. They can be produced in
large quantities at a cost-effective rate and are adaptable to various chemical modifications, enhancing resistance to
degradation and improving in vivo pharmacokinetics. The smaller size of aptamers, in comparison to antibodies, facilitates
effective in vivo delivery by enhancing tissue penetration.

A novel RNA therapeutic strategy targeting Osteopontin (OPN) in the tumor microenvironment has been developed by
Wei et al. 181, Recognizing OPN'’s role in tumor progression and immune suppression, OPN siRNA was linked to the
nucleolin aptamer (Ncl-OPN siRNA) for cancer targeting and connected to the TLR9-binding CpG oligodeoxynucleotide
(CpG ODN-OPN siRNA) for myeloid targeting. Treating various cell lines revealed 70-90% OPN inhibition compared to
scramble controls, demonstrating therapeutic efficacy in lung and breast cancer cell models. These aptamer—siRNA
conjugates show promise as therapeutics with lower toxicity than traditional cytotoxic therapies.

The aptamer—siRNA chimera is used in the development of effective anticancer drugs targeting cancer-associated
fibroblasts (CAFs). An aptamer-based conjugate was designed, incorporating a signal transducer and activator of
transcription-3 (STAT3) siRNA linked to an aptamer inhibiting platelet-derived growth factor receptor (PDGFRp). The



conjugate effectively delivered STAT3 siRNA to non-small-cell lung cancer (NSCLC) cells, inhibiting CAF-induced cancer
cell growth and migration, and reducing spheroid dimension. The conjugate also altered the CAF phenotype, acting as a
double agent by inhibiting the entire tumor bulk. This proof-of-principle suggests innovative horizons in NSCLC therapy
through aptamer-based siRNA drugs targeting CAF pro-tumor functions.

Utilizing the AS1411 aptamer conjugated with SMG1 RNAI, aptamer-linked siRNA chimeras (AsiCs) were developed to
enhance the response to immune-checkpoint blockade (ICB) therapy 4. AS1411 demonstrated binding to various tumor
cell lines and induced cytotoxicity. AS1411-SMG1 AsiCs exhibited a robust antitumor response in local and systemic
treatments across different tumor types, improving ICB response. Notably, AS1411-SMG1 AsiCs were well-tolerated with
no detected side effects, offering a promising platform to increase the effectiveness of ICB therapy for a broader range of
cancer patients.

The development of albumin-binding aptamer—siRNA chimeras was explored to enhance siRNA bioavailability [Z41. By
fusing RNA-binding aptamers directly to siRNA, these chimeras demonstrated stability in serum, retaining potent gene
knockdown capabilities in vitro. In vivo, the best-performing chimera exhibited a 1.6-fold increase in absolute circulation
half-life compared to controls. These aptamer—siRNA chimeras effectively improved bioavailability without compromising
biological activity, suggesting a promising strategy for drug-delivery applications, particularly for biologic drugs with poor
bioavailability.
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