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PUBLIC SUMMARY
B Effective targeted delivery requires balancing exposure, penetration, and drug release.

B Evaluates major targeting platforms by comparing their size, pharmacokinetics, and drug
efficacy.

B Programmable aptamer designs enable precise payload loading and controlled release.

B Future designs should match delivery platforms to specific tumor barriers using Al.
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Abstract

Conventional chemotherapy frequently causes uneven drug distribution and systemic toxicity due
to inadequate in vivo selectivity. Passive targeting strategies, such as the enhanced permeability and
retention effect, can no longer guarantee effective drug accumulation within tumor tissues. The
success of active targeted chemotherapy cannot be simplified to a basic “ligand-drug” binding
model, but relies on the coordinated regulation of multiple processes, including drug distribution,
tumor penetration, cellular internalization, and intracellular processing. From a design-oriented
perspective, this review elaborates on the core design logic of targeted chemotherapy delivery and
highlights that target expression and accessibility, pharmacokinetic characteristics of targeting
moieties, payload compatibility, and drug release mechanisms serve as critical determinants of
therapeutic outcomes. Furthermore, this review summarizes and evaluates current mainstream
targeted chemotherapy delivery platforms, including antibody-based, aptamer-based, small-
molecule, peptide, and hybrid delivery systems. Finally, future research directions for targeted
chemotherapy development are prospected. Rather than pursuing a single optimal delivery platform,
a problem-oriented design strategy is proposed. The design of next-generation delivery systems
requires an optimal balance among targeting construct size, in vivo drug exposure, and tissue
permeability, as well as payload release profiles, based on the dominant transport limitations of

specific tumor microenvironments.
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1. INTRODUCTION

Chemotherapy remains an important component. of cancer treatment, and most conventional
chemotherapeutic agents are low-molecular-weight molecules. However, their clinical benefits are
still fundamentally constrained by one persistent problem: inadequate selectivity in vivo.! Because
these drugs are generally administered systemically and exhibit limited intrinsic tumor specificity,
they tend to distribute broadly throughout the body rather than accumulating exclusively in
malignant tissues. As a result, drug exposure within tumors is often insufficient, heterogeneous, or
short-lasting, whereas normal proliferative tissues are simultaneously exposed to toxic drug
concentrations.” This mismatch between the intended site of drug action and the actual in vivo drug
distribution remains one of the central reasons for the tight coupling between therapeutic efficacy
and systemic toxicity in conventional chemotherapy. This issue is particularly prominent in solid
tumors, where abnormal vasculature, stromal barriers, elevated interstitial pressure, and spatially
heterogeneous cellular composition all restrict effective drug penetration and retention.>* In this
context, the core limitation of conventional chemotherapy lies not merely in the inherent toxicity of
chemotherapeutic drugs, but in their poorly regulated biodistribution profiles.

Historically, this systemic challenge has driven extensive research efforts to improve tumor
selectivity of chemotherapeutic drugs. For decades, passive tumor accumulation, predominantly
mediated by the enhanced permeability and retention effect, was expected to address this limitation.’
However, accumulating evidence has demonstrated that passive delivery alone cannot fully account
for or guarantee robust drug accumulation in human tumors.® Delivery efficiency varies
substantially across different tumor types, distinct clinical stages of tumor progression, and even

discrete regions within a single tumor lesion.” Furthermore, even if a delivery system successfully
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reaches tumor tissues, its intratumoral distribution often remains highly heterogeneous, resulting in
insufficient drug exposure in poorly perfused or low-antigen tumor regions.® These inherent
limitations have advanced the development of actively engineered drug delivery strategies, which
improve tumor selectivity via targeting moiety recognition, controlled drug release, or a
combination of both mechanisms. From this perspective, targeted chemotherapy is no longer
defined merely as a strategy to deliver drugs to tumor sites, but as a coordinated approach to remodel
drug biodistribution, tumor penetration, cellular internalization, and intracellular drug processing.
Importantly, targeted chemotherapy should not be reduced to a simple “ligand-plus-drug” strategy.
Its success is determined by a much broader set of variables that encompass target expression level,
the physicochemical properties of the targeting moiety, payload compatibility, the mode of drug
release, as well as the pharmacokinetic fate of the entire construct. The above-mentioned factors are
closely interconnected. A highly expressed target may still be therapeutically suboptimal if it is
poorly accessible or heterogeneously distributed; a potent payload may still underperform if it
cannot be released in an active form; and a well-designed targeting moiety may still fail if the overall
system is cleared too rapidly or penetrates tumor tissue inefficiently.>'! Accordingly, therapeutic
performance cannot be predicted by target binding alone, as an effective delivery system must also
penetrate tumor tissue, maintain sufficient stability in circulation, and release its payload in a
pharmacologically productive manner. It is noteworthy that successful targeted delivery should
simultaneously achieve tumor penetration, construct stability in circulation, and productive
intracellular or extracellular payload release.

These considerations are particularly pertinent at present, as targeted chemotherapy has evolved into
a far broader design landscape compared with earlier' generations of drug conjugates. Antibody-
based systems have demonstrated significant clinical benefits through the selective delivery of
cytotoxic payloads via antibody-drug conjugates (ADCs); similarly, aptamer-based systems have
evolved into aptamer-drug conjugates (ApDCs) with analogous structures and mechanisms of action,
which exhibit clear potential for clinical translation. Furthermore, owing to the chemical nature of
nucleic acids, aptamer platforms offer superior chemical programmability in molecular design, the
regulation of targeting specificity, and the sites and methods of payload conjugation. Meanwhile,
small-molecule ligands, peptides, and hybrid delivery architectures have further expanded the
repertoire of available formats, each presenting distinct trade-offs in terms of size, exposure,
penetrability, loading capacity, and structural precision. As the field has matured, it has become
increasingly evident that no single platform can resolve all delivery-related problems
comprehensively. Instead, each format demonstrates a unique balance among selectivity,
pharmacokinetics, release control, and translational feasibility.!? This review examines targeted
chemotherapy from a design-centered perspective. Section 2 outlines the core design logic of
targeted chemotherapy delivery, focusing on the major factors that determine therapeutic
performance, including target selection, targeting moieties, payload compatibility, release control,
and translational feasibility. Sections 3 to 5 subsequently introduce representative delivery systems
categorized by targeting format, including antibody-based systems, aptamer-based systems, and
small-molecule, peptide, and hybrid systems. The final section discusses the broader challenges and
future directions of targeted chemotherapy, with a particular focus on the size-exposure-penetration
trade-off, tumor heterogeneity, and the significance of productive payload release in the design of
next-generation delivery systems.
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2. DESIGN LOGIC OF TARGETED CHEMOTHERAPY DELIVERY

2.1 Target expression, accessibility, and biological characteristics

A valid target for chemotherapy delivery is more than a molecule simply overexpressed in tumor
cells. For targeted delivery to yield therapeutic significance, the target should ideally exhibit
sufficient abundance on the tumor cell surface, restricted expression in normal tissues, and high
accessibility to circulating targeting moieties. Clinical experience shows that target value depends
not only on whether a receptor is present, but on whether its expression reaches a level that is
therapeutically actionable. This is evident for common targets in solid tumors that cover human
epidermal growth factor receptor 2 (HER2) and folate receptor alpha (FRa).'> Moreover, a similar
principle applies to the rapidly emerging therapeutic target Claudin 18.2 in gastric and
gastroesophageal junction adenocarcinoma, where higher tumor expression is correlated with
greater clinical benefits from zolbetuximab.'41® As highlighted by the above-mentioned clinical
precedents, target selection must go beyond simple abundance for integrating selectivity and
specific clinical contexts.

Notably, whether the target supports efficient cellular internalization or local pharmacological
action should be considered.!”!¥ Some targets are more advantageous because they facilitate
internalization or help position the payload for effective release, while others offer limited benefits
even when detected on the cell surface.” Besides, intratumoral heterogeneity can weaken single-
target strategies, since a receptor with strong expressionin one tumor region may be sparse or absent
in others. Target selection in targeted chemotherapy should therefore be regarded not as a simple
receptor-identification procedure, but as a comprehensive assessment of expression level, surface
accessibility, normal-tissue liability, trafficking behavior, and spatial heterogeneity. Thus, target
selection should combine quantitative expression thresholds, spatial heterogeneity, internalization

kinetics, and normal-tissue expression profiles to maximize the therapeutic index.

2.2 Physicochemical and pharmacokinetic properties of targeting moieties

The choice of targeting moiety exerts significant effects on the role of a delivery system in vivo.
Antibodies, aptamers, peptides, and small molecules all provide viable pathways for tumor
recognition, but they vary greatly in particle size, circulation half-life, tissue penetration capacity,
and chemical modification feasibility. This can be clearly observed by comparing antibody-based
systems such as trastuzumab emtansine (T-DM1), which benefit from extended systemic exposure,
with smaller targeting formats such as aptamer-based constructs. These smaller constructs often
possess higher synthetic flexibility and better penetration ability yet are more prone to rapid in vivo
clearance.!%?0 Thus, the targeting moiety should not be viewed simply as a recognition element; it
also defines the pharmacokinetic and transport context within which tumor delivery must occur.
Binding affinity also needs to be considered together with transport behavior. Strong binding may
improve retention at accessible tumor sites, but it does not necessarily guarantee uniform tumor
penetration.?! In particular, larger targeting systems tend to accumulate predominantly in
perivascular regions, while smaller targeting moieties diffuse more readily within tumor tissues but
exhibit shorter retention time.?> Accordingly, effective targeting relies not only on the binding
affinity of targeting moieties but also on how their size and systemic in vivo fate modulate tumor
tissue access and drug exposure (Figure 1).
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2.3 Payload properties and delivery compatibility

Payload selection is a core design variable since different chemotherapeutic agents impose distinct
requirements on delivery systems. This phenomenon is well illustrated by clinically approved ADCs
including trastuzumab deruxtecan (T-DXd) and sacituzumab govitecan (SG), in which variations in
payload classification, drug loading efficiency, and drug release profiles are closely correlated with
overall therapeutic efficacy.?>** These clinical examples indicate that payloads are not
interchangeable auxiliary components. Their chemical and pharmacological properties determine
the maximum drug loading capacity, drug release kinetics, and the ultimate antitumor efficacy of
delivery systems.

This compatibility issue is further pronounced in sequence-integrated aptamer delivery systems.
Fully drug-constituted aptamer architectures constructed from clinically approved nucleoside
analogues verify that certain payloads exhibit superior compatibility with sequence-defined
scaffolds, whereas others are more suitable for post-synthetic conjugation strategies.?>?¢ Payload
compatibility, therefore, depends on more than cytotoxic potency. It also encompasses structural
matching with delivery scaffolds and appropriate drug release patterns for sustaining
pharmacological activity. The complete workflow for targeted chemotherapy delivery system
design is depicted in Figure 2. To be specific, target identification, payload selection, carrier design,
formulation, preclinical testing, and final translation are carried out sequentially.

2.4 Release mechanisms and drug activation

Targeted chemotherapy exerts therapeutic efficacy only when drug release achieves both selectivity
and productivity (Figure 2). In drug conjugate systems, linkers govern the temporal and spatial
activation of loaded payloads. Recent clinical advances, particularly regarding T-DXd and
datopotamab deruxtecan (Dato-DXd), demonstrate that release chemistry is tightly associated with
overall therapeutic performance.?’-?%' As validated in' ADC research and development, overly stable
linkers may impair antitumor efficacy, while premature payload release may diminish tumor
selectivity and induce systemic toxicity equivalent to that of free cytotoxic drugs.? Release control
is therefore regarded as a core pharmacological function rather than a minor auxiliary chemical
property.

This design principle is also applicable to systems independent of traditional ADC-style linkers. In
programmable aptamer delivery systems, payload release relies on scaffold degradation or enzyme-
mediated processing instead of individual synthetic linkers.?® In such cases, simple chemical
cleavage is insufficient; the key determinant lies in whether scaffold processing can generate
pharmacologically active drug moieties.>? Productive drug liberation thus acts as a more practical
design criterion than mere molecular cleavage, especially for delivery systems with highly
integrated targeting and payload architectures (Figure 2).

Taken together, these design principles indicate that targeted chemotherapy should not be evaluated
by a single parameter such as binding affinity, payload potency, or drug loading capacity. A delivery
system with high target affinity may still fail if the target is poorly accessible, if the construct cannot
maintain sufficient systemic exposure, or if the payload is not released in a pharmacologically active
form. Conversely, moderate target affinity may be therapeutically sufficient when it is coupled with
favorable tumor penetration, productive release, and appropriate payload diffusibility. Therefore,
the central design question is not how to maximize each individual parameter independently, but
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how to coordinate these parameters according to the dominant delivery barrier in a specific tumor
setting. This provides the conceptual basis for comparing antibody-, aptamer-, small molecule-,
peptide-, and hybrid-based platforms in the following sections.

3. ANTIBODY-BASED TARGETED CHEMOTHERAPY SYSTEMS

Among current targeted chemotherapy platforms, antibody-based systems are the most extensively
developed and clinically established. Their importance lies not only in the number of approved
products, but also in the range of design variables they have helped define, including target selection,
linker chemistry, payload class, drug loading, and biomarker-guided patient stratification. In the
following sections, representative clinically applied ADCs and recent advances in antibody-based
design are summarized, with an emphasis on how these systems have been optimized for diverse

therapeutic scenarios (Table 1).

3.1 Representative clinically used ADCs

ADC:s constitute the most extensively developed class of targeted chemotherapy systems and offer
multiple clinically validated examples for solid tumor treatment. In the HER2-targeted setting, ado-
T-DMI established the clinical utility of HER2-directed ADC therapy, while T-DXd has expanded
HER2-directed delivery to additional clinical scenarios, including tumors with low and
heterogeneous HER2 expression.!?3132 For trophoblast cell-surface antigen 2 (TROP2)-targeted
therapy, SG and Dato-DXd represent two ADCs targeting the same antigen family but incorporating
distinct linker-payload systems.?*34 Other clinically approved regimens include mirvetuximab
soravtansine (MIRV) for FRa-positive ovarian cancer and telisotuzumab vedotin (Teliso-V) for
mesenchymal-epithelial transition factor (c-Met)-overexpressing non-squamous non-small cell lung
cancer.3>3¢ Collectively, these clinical agents show wide applicability of antibody-guided
chemotherapy across various target classes. Clinical outcomes rely on the combination of target
expression level, delivery mode; linker performance and payload property, rather than target
recognition alone.

Side-by-side evaluation of approved ADCs also reveals that structural differences lead to varied
pharmacological behaviors. T-DM1 possesses an average drug-to-antibody ratio (DAR) of
approximately 3.5 and uses a non-cleavable linker to deliver DM1, a maytansinoid microtubule
inhibitor, making payload release closely associated with cellular internalization and lysosomal
processing.?” T-DXd, on the other hand, adopts a cleavable tetrapeptide linker and a higher DAR of
around 8.3 In the TROP2-targeted treatment, SG makes use of a hydrolyzable CL2A linker
independent of enzymatic cleavage to deliver the SN-38 payload. This structure bears a short
polyethylene glycol chain, which improves the water solubility of ADC molecules and prevents
antibody aggregation under high drug loading conditions, with a mean DAR of roughly 7.6. In
contrast, Dato-DXd applies a cleavable tetrapeptide linker identical to T-DXd and carries a DXd
payload with a DAR of about 4.3% %0 These structural discrepancies indicate that the comprehensive
performance of ADCs stems from target selection, drug loading status, linker properties and payload
pharmacological characteristics. Notably, payloads (e.g., DXd in T-DXd) exhibit potent bystander
cytotoxic effects, which can enable activity in tumors with heterogeneous or low target expression.*!
The currently applied FRa- and c-Met-directed ADCs further illustrate the role of biomarker-
defined patient selection in antibody-based chemotherapy delivery. MIRV is applied in FRa-
positive platinum-resistant ovarian cancer, whereas Teliso-V has been developed for tumors with
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high c-Met expression.333¢ These cases indicate that ADC application often depends on expression
thresholds or companion diagnostic frameworks rather than on broad target positivity alone. In this
regard, antibody-based chemotherapy systems are typically linked not only to molecular design, but
also to patient stratification strategies that define when a given target is sufficiently expressed to
support therapeutic application.

Recent mechanistic studies have also expanded the understanding of ADC release behavior. In the
case of T-DXd, extracellular protease-mediated linker cleavage within the tumor microenvironment
has been reported to contribute to antitumor activity in HER2-low and even HER2-negative
settings.*? As indicated the above-mentioned findings, for some ADCs, therapeutically viable
payload liberation may not be restricted to internalization-dependent pathways, but may involve
extracellular or pericellular cleavage events. Accordingly, ADC activity may depend on target
binding and the spatial context in which payload liberation occurs.

3.2 Recent directions in ADC design

Beyond clinical approvals, recent ADC design has focused on addressing key limitations (e.g.,
tumor heterogeneity and suboptimal payload release) through innovations in DAR, conjugation
chemistry, and linker technology.** One ongoing direction in/ADC development is the adoption of
higher drug loading in more controlled molecular formats. Early ADC design often regarded high
DAR as potentially problematic because increased hydrophobicity could induce aggregation,
instability, and faster clearance. However, clinically applied examples such as T-DXd and SG show
that relatively high loading can be compatible with therapeutic efficacy when linker chemistry,
payload properties, and overall construct behavior are appropriately balanced.®3° These examples
indicate that the effect of DAR depends on the broader molecular context rather than on loading
number alone.

This point has also been explored in preclinical studies. Cysteine-engineered THIOMAB-based
platforms combined with XTEN polypeptides have been utilized to generate homogeneous high-
DAR constructs, including ADCs with DAR values up to 18 named “TXCs”.** In a related direction,
self-immolative phosphoramidate linker chemistry has been utilized to generate homogeneous
DARS8 ADCs carrying payloads (e.g., SN-38, DXd, and gemcitabine).* These developments
indicate that current ADC design is extending not only toward more controlled loading, but also
toward broader payload compatibility, including agents that have historically been more difficult to
conjugate and release in a well-defined manner.

A growing focus has also been placed on conjugation precision and molecular definition. Early
ADC drugs mainly adopt random coupling, which can result in high product heterogeneity. It is
noteworthy that higher DAR exhibits greater instability in vivo.** Current ADC platforms
concentrate on boosting homogeneity via site-specific conjugation strategies. As a result, payload
placement can be better controlled, and more interpretable structure-activity relationships can be
achieved.*’” Meanwhile, linker design has continued to diversify, covering non-cleavable, protease-
cleavable, and self-immolative chemistries, each linked with distinct release behaviors and
pharmacological consequences. These findings suggest that ADC optimization is no longer centered
merely on target selection. It also focuses on the coordinated design of loading density, conjugation
precision, linker behavior, and payload diffusibility.*®

Recent preclinical and early clinical studies have also broadened the architectural scope of ADCs
beyond single-payload, single-target formats. Bispecific ADCs cover HER2 biparatopic constructs
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such as zanidatamab zovodotin (ZW49) and MEDI4276, as well as dual-target structures including
BL-B01D1, which targets epidermal growth factor receptor (EGFR) and human epidermal growth
factor receptor 3 (HER3) and has proceeded into clinical evaluation.**! At the same time, dual-
payload ADCs have been investigated to integrate two cytotoxic mechanisms within the same
construct.  Typical examples include HER2-directed monomethyl auristatin E
(MMAE)/monomethyl auristatin F (MMAF)-co-loaded ADCs and other homogeneous dual-
payload designs with tunable payload ratios, as well as early clinical candidates such as the TROP2-
directed dual-payload ADC KH815.523 Though these formats are still less mature than approved
single-target ADCs, they demonstrate how antibody-based delivery is being adjusted to tackle
antigen heterogeneity, incomplete uptake, and payload-specific resistance mechanisms.

In general, current ADC development not only involves the expansion of approved products, but
also continuous optimization of delivery architecture and release design. In both clinically applied
and emerging systems, key design variables consist of DAR optimization, conjugation homogeneity,
linker behavior, payload diffusibility, biomarker-defined patient selection, and the spatial biology
of tumors. These characteristics show that antibody-based chemotherapy delivery is developing as
a multivariable design system, rather than a simple extension of antibody binding alone.

A critical insight from antibody-based targeted chemotherapy is. that the success of ADCs is not
solely attributable to antibody specificity. Instead, clinically effective ADCs are those in which
antibody binding, linker cleavage, payload potency, bystander activity, and biomarker-defined
patient selection are properly matched. This also explains why ADCs targeting the same antigen
may display markedly different clinical behaviors when their linker-payload systems differ. From
this perspective, ADC development has shifted from a target-centered model to an integrated
release- and exposure-centered model. The major strength of antibody-based systems lies in their
prolonged circulation and clinically ~validated translational framework, whereas their major
limitation remains restricted tissue penetration and incomplete coverage of heterogeneous tumors.
Therefore, future ADC optimization should focus less on simply expanding target repertoires and
more on tailoring release chemistry, payload diffusibility, and patient-selection criteria to the spatial
biology of tumors.
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Table 1. Clinical approved ADCs

Payload

ADC Name Targets Linker Type . Disease
Mechanism Class
Ado-trastuzumab emtansine Maytansinoid .
HER2 Non-cleavable HER2-directed therapy.
(T-DM1) (DM1)
Trastuzumab deruxtecan e Cleavable Deruxtecan HER2-directed delivery, including tumors with
(T-DXd) (tetrapeptide) (DXd) lower and more heterogeneous HER2 expression.
Sacituzumab govitecan Cleavable .
TROP2 SN-38 Solid tumors.
(SG) (CL2A)
Datopotamab deruxtecan Cleavable Deruxtecan .
TROP2 . Solid tumors.
(Dato-DXd) (tetrapeptide) (DXd)
Mirvetuximab soravtansine Cleavable L . . . .
FRa Maytansinoid FRa-positive platinum-resistant ovarian cancer.
(MIRYV) (sulfo-SPDB)
Telisotuzumab vedotin Cleavable . c-Met-overexpressing non-squamous non-small
c-Met Vedotin

(Teliso-V)

(mc-val-cit-PABC)

cell lung cancer.
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4. APTAMER-BASED CHEMOTHERAPY DELIVERY SYSTEMS

Aptamer-based chemotherapy delivery systems serve as a unique branch of targeted chemotherapy,
as they integrate molecular recognition with sequence-defined chemical programmability.
Compared with antibody-based platforms, aptamer platforms generally feature smaller molecular
size, greater structural flexibility, and more direct regulation over payload placement. Certain
aptamers possess superior affinity and target specificity toward specific proteins relative to
monoclonal antibodies, and exhibit better safety profiles in in vivo tests, making them a viable
alternative therapeutic platform to monoclonal antibodies.’*>> However, their clinical translation is
still limited by inherent obstacles including insufficient serum stability and rapid in vivo clearance.>
The following sections summarize conventional ApDCs and novel programmable sequence-
integrated designs, focusing on their typical formats and major design features (Figure 3).

4.1 Conventional ApDCs

Aptamer-based chemotherapy delivery systems were established as an alternative targeted format
that adopts nucleic acid ligands instead of protein-based recognition scaffolds. Their core
characteristics cover sequence-defined synthesis, positional chemical modifiability, and the
potential to integrate targeting and drug-loading strategies within a relatively compact molecular
framework. Early designs of conventional ApDCs generally followed two mainstream development
routes: covalent attachment of the payload to the aptamer, and noncovalent or structure-assisted
loading of the drug onto the aptamer scaffold.>”

Among the earliest documented cases, the protein tyrosine kinase 7 (PTK7)-binding DNA aptamer
sgc8c was conjugated with doxorubicin (DOX) to form a covalent sgc8c-DOX construct for
selective delivery to CCRF-CEM leukemia cells.® In a similar non-covalent binding strategy, the
HER2-binding aptamer HB5 was applied to load DOX via intercalation, offering a typical model of
aptamer-mediated chemotherapy delivery without ‘direct covalent linkage between ligands and
drugs.’® These delivery systems wverified that aptamers can serve not only as specific recognition
ligands, but also as chemically tunable scaffolds for loading traditional chemotherapeutic drugs.
Another typical example is the nucleolin-binding aptamer AS1411, which has been utilized as a
targeting backbone for DOX delivery in multiple formats, including intercalated AS1411-DOX
complexes.®® Moreover, apart from DOX delivery, aptamers have also been applied to transport
other chemotherapeutic agents such as paclitaxel. For instance, the programmed death-ligand 1 (PD-
L1) aptamer-paclitaxel conjugate improved anti-proliferative effects in PD-L1-overexpressing
triple-negative breast cancer (TNBC) cells.®! Recently, Zhang’s research team fabricated
fluorouracil-modified AS1411-paclitaxel conjugates with a thioether linker and verified markedly
enhanced inhibitory effects on TNBC progression both in vitro and in vivo.®? These studies
demonstrate that aptamers originally explored as independent therapeutic ligands can also be
repurposed as delivery scaffolds. In this context, the development of conventional ApDCs relies on
both de novo delivery-oriented aptamer design and the reuse of existing tumor-targeting aptamers
with validated biological functions.

Conventional ApDCs have also evolved beyond the simple one-ligand-one-drug structural mode. A
representative case is the enzymatically cleavable aptamer-gemcitabine system reported by Qi and
coworkers, in which the aptamer carried three gemcitabine molecules through a dendrimer-like
design equipped with an enzyme-responsive release linker.%® This type of construct proves that
aptamer-guided chemotherapy has been further explored in designs with elevated payload density
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and precise release regulation. In another direction, Sgc8c-M, the PTK7-targeted agent conjugating
the microtubule inhibitor MMAE to the sgc8c aptamer, has been assessed in rodent models and non-
human primates.®* As revealed by the above-mentioned studies, conventional ApDCs are being
studied with both classic chemotherapeutic agents and more potent payload categories.

Additional cases further expand the range of conventional ApDC designs. The P19-gemcitabine
monophosphate (dFACMP) system was constructed to deliver an active gemcitabine metabolite
instead of the parent drug itself, revealing that aptamer-guided delivery can also be engineered based
on intracellular activation mechanisms.% Collectively, these findings demonstrate that conventional
ApDCs cover covalent conjugates, intercalated complexes, metabolite-based constructs, and
enzyme-cleavable or high-potency payload-loaded architectures. Meanwhile, they also reflect
several common limitations, including the coupling of payload attachment with aptamer folding,
the sensitivity of most aptamer constructs to serum degradation, and the relatively short circulation
time associated with smaller nucleic acid ligands (Figure 3).

4.2 Programmable and sequence-integrated aptamer systems

A major research direction of aptamer-based chemotherapy delivery focuses on sequence-integrated
or programmable designs, where payloads are embedded into aptamer sequences or nucleic acid
frameworks, rather than being linked as external payloads. In these systems, payload loading status
is determined during oligonucleotide synthesis, enabling the type, quantity and location of loaded
drugs to be precisely defined at the sequence level. This characteristic differentiates sequence-
integrated designs from traditional post-synthetic conjugation strategies.

Typical examples include APTA-12, a gemcitabine-integrated G-quadruplex aptamer designed for
pancreatic cancer therapy, and G12msi, a glypican-3-targeting DNA aptamer incorporated with
gemcitabine for hepatocellular carcinoma research models.®’ These systems present a format
where the aptamer sequence acts as both the targeting scaffold and the carrier for chemotherapeutic
nucleotide analogues. Relevant studies have extended this design strategy to drugs beyond
gemcitabine. For instance, EGFR-targeted aptamers incorporating 5-fluorouracil residues have been
reported for pancreatic ductal adenocarcinoma models, proving that sequence-integrated design is
not limited to one nucleoside analogue class.®®

Drugtamers represent an advanced extension of this format, in which aptamer sequences are
assembled entirely with therapeutic nucleoside analogues, including clofarabine, ara-guanosine,
gemcitabine, and floxuridine.? In these constructs, natural nucleosides are completely substituted
with drug-derived monomers throughout the whole sequence, generating fully drug-assembled
nucleic acid structures that maintain intact target-binding capacity. Such constructs represent a more
extensive form of sequence integration than aptamers carrying selected drug-containing positions,
and confirm that aptamer-based delivery can be optimized to largely blur the boundary between
targeting scaffolds and payload-carrying frameworks.

Sequence-integrated designs possess multiple practical advantages over conventional ApDCs. First,
payload placement is precisely controlled during synthesis, rather than relying on unstable post-
synthetic coupling efficiency. Second, these designs are highly compatible with nucleoside analogue
chemotherapeutics, whose structural similarity to natural nucleic acid monomers allows efficient
embedding into oligonucleotide backbones. Third, this strategy achieves higher loading accuracy
and potentially greater payload density within a compact targeting structure. These superior
properties make programmable aptamer systems a distinct branch in targeted chemotherapy design

https://mc03.manuscriptcentral.com/innovation-drugdisc



oNOYTULT D WN =

The Innovation Drug Discovery

(Figure 3).2¢

At the same time, sequence-integrated systems remain subject to several of the same
pharmacological constraints observed in conventional aptamer platforms. Because payload
liberation is often linked to scaffold degradation or intracellular processing, drug release and
aptamer stability cannot be treated as fully separate variables.®® In such systems, the relevant
question is not only whether the aptamer reaches target-positive cells, but also whether scaffold
processing yields pharmacologically useful active species within the appropriate biological context.
In addition, aptamers remain susceptible to rapid renal clearance and serum degradation unless
additional stabilization or half-life-extension strategies are implemented.”®

Overall, aptamer-based chemotherapy delivery systems can be classified into two broad categories:
conventional conjugates, in which the aptamer and payload remain structurally distinct components,
and programmable sequence-integrated systems, in which payload incorporation is built into the
nucleic acid framework itself. Across both categories, existing literature indicates that aptamers
have been utilized with classical chemotherapeutics, active metabolites, highly potent payloads, and
therapeutic nucleotide analogues. These reports collectively demonstrate that aptamer-guided
chemotherapy has been explored via multiple structural formats, while also highlighting recurring
design variables including scaffold stability, payload incorporation strategy, intracellular processing,
and circulation behavior. Although these systems are promising in preclinical models, aptamer-
based systems still require further optimization of serum stability, renal clearance, and half-life
extension to improve clinical translatability.”! With the in-depth application of artificial intelligence
(A technology in aptamer screening, continuous breakthroughs in sequence-integrated design and
stabilization chemistry strategies are steadily narrowing this gap.”?

The critical value of aptamer-based systems lies in. the fact that they are not merely smaller
alternatives to antibodies. Their /sequence-defined nature provides a level of molecular
programmability that is difficult to achieve in protein-based platforms, especially in terms of
payload positioning, chemical modification, and sequence-integrated drug incorporation. However,
this advantage also creates a unique design constraint: in many aptamer systems, targeting, structural
stability, and payload release are closely coupled within the same nucleic acid scaffold. As a result,
improving one property may influence another. For example, modifications that enhance nuclease
resistance or circulation time may alter folding, binding, or intracellular processing. Therefore, the
future development of ApDCs should not only address serum stability and renal clearance, but also
establish more predictable relationships among aptamer folding, target recognition, scaffold
degradation, and active drug liberation. This distinguishes aptamer-based chemotherapy delivery
from conventional ligand-drug conjugation and supports its role as a programmable platform rather
than only a compact targeting format.

5. SMALL MOLECULE, PEPTIDE, AND HYBRID CHEMOTHERAPY DELIVERY
SYSTEMS

Compared with antibody- and aptamer-based systems, small molecule, peptide, and hybrid delivery
platforms generally represent more compact or modular approaches for targeted chemotherapy.
These formats are of research interest because they may offer advantages in chemical accessibility,
structural flexibility, payload integration, and tissue penetration, while also presenting distinct
limitations in systemic persistence, selectivity, and pharmacokinetic control. The following sections
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describe these three formats sequentially, with an emphasis on their representative examples,
characteristic design logic, and major constraints in chemotherapy delivery (Figure 4).

5.1 Small molecule ligands as targeting heads

Small molecule ligands provide a distinct route to targeted chemotherapy because they combine
compact size, synthetic accessibility, and relatively straightforward conjugation chemistry. In
contrast to larger biologic ligands, they can often be prepared and modified through more direct
chemical routes, which facilitates linker and payload diversification. One of the best-known
examples is vintafolide (EC145), a folate-desacetylvinblastine monohydrazide conjugate developed
for folate receptor-positive tumors, particularly ovarian cancer.”> Although its later clinical
development was limited, vintafolide remains a representative example because it integrates a
tumor-associated receptor, a cytotoxic payload, and a companion imaging strategy within a
relatively compact molecular design.”* A second folate-targeted example is EC1456, a folate-
tubulysin conjugate that was investigated as a next-generation folate receptor-targeted small-
molecule drug conjugate and exhibited preclinical activity in folate receptor-positive tumor models,
followed by early clinical evaluation.” Together, these folate-directed systems illustrate how small
molecule targeting has been used to couple relatively simple recognition chemistry with
increasingly potent payload classes.

Another important direction is prostate-specific membrane antigen (PSMA)-targeted chemotherapy,
which has been explored because prostate-specific membrane antigen is well established as a
disease-associated target in prostate cancer. A previously reported example was developed by
Kozikowski’s group, who utilized glutaric acid to link a urea-based PSMA ligand with extremely
high affinity to DOX. However, the amide linkage of the linker is too stable in vivo to release DOX
efficiently within cells. Therefore, the desired therapeutic effect is not achieved despite the high
ligand affinity.”® In addition, novel PSMA-directed small-molecule drug conjugates carrying
auristatin-derived payloads, such-as MMAE via pH-responsive linkers, have also been developed,
enabling the specific delivery of chemotherapeutic agents to prostate cancer tumors while
minimizing systemic' toxicity.”” Recent studies have also reported OncoPSMA-based auristatin
conjugates and related designs intended to adopt the same targeting logic applied in PSMA
radioligand therapy and extend it to cytotoxic drug delivery.”® These systems demonstrate that small
molecule-guided chemotherapy is not restricted to folate receptor targeting but has been extended
to additional clinically relevant receptor systems through diverse linker-payload combinations.
Meanwhile, existing literature reveals a recurring limitation of this format: although small-molecule
systems are chemically modular and relatively compact, they frequently exhibit shorter circulation
times and narrower exposure windows than larger targeting platforms.” In this regard, small
molecule-guided delivery represents a format that favors modular chemistry and tissue access, while
remaining strongly constrained by systemic pharmacokinetics and the degree of tumor-restricted
target expression in vivo (Figure 4).

5.2 Peptide-guided chemotherapy delivery

Peptide-guided systems occupy an intermediate position between small-molecule ligands and larger
biologic scaffolds (Figure 4). Their main features include relatively small size, modular sequence
design, and the ability to target tumor-associated receptors, tumor vasculature, or
microenvironmental features. Among the most widely studied examples are arginine-glycine-

aspartic acid (RGD)-based systems directed against integrin avB3. In an early representative study,
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a DOX-RGD-4C peptide conjugate with antitumor activity in an orthotopic murine hepatoma model
was described. The use of peptide-guided chemotherapy to bias drug delivery to a defined tumor-
associated binding axis was illustrated.?® Subsequent work has extended this principle beyond direct
peptide-drug conjugates to RGD-modified carrier systems, including micelles, polymers, liposomes,
and nanoparticle assemblies loaded with DOX or other chemotherapeutics.?! As indicated by the
above-mentioned reports, peptides function either as stand-alone targeting heads or as recognition
modules grafted onto larger drug-bearing structures.

Besides integrin-targeting peptides, more compact and clinically oriented peptide-drug conjugates
have also been developed. One representative example is PEN-221, a somatostatin receptor 2-
targeting peptide-drug conjugate that links an octreotide-derived peptide to the maytansinoid
payload DMI1 and has been investigated in neuroendocrine tumors and small-cell lung cancer.??
Furthermore, BT1718, a bicyclic peptide toxin conjugate directed against membrane type 1 matrix
metalloproteinase/matrix metalloproteinase-14 (MT1-MMP/MMP-14) and linked to DMI1, has
entered early clinical evaluation.®? These systems are of critical significance, which can be explained
below. They demonstrate that peptide-guided chemotherapy is not limited to classic homing motifs
such as RGD, but also includes receptor-directed and protease-associated targeting strategies that
align more closely with the clinical development pathway of modern drug conjugates. At the same
time, peptide-based formats remain constrained by factors such as proteolytic instability, relatively
short half-life, and the need to balance receptor affinity with sufficient tissue penetration and
systemic exposure. Thus, peptide-guided chemotherapy provides a chemically tractable and
biologically directed targeting option, yet its performance remains closely tied to stabilization and

formulation strategies.

5.3 Hybrid delivery systems

Hybrid delivery systems refer to architectures in which a targeting ligand, such as an aptamer,
peptide, or small molecule, is combined with a larger carrier platform to increase payload capacity,
improve release control; or enhance pharmacokinetic performance (Figure 4). In the context of
chemotherapy, this usually means that target recognition and drug loading are assigned to distinct
structural modules: the ligand provides selective binding, while the carrier serves as the primary
drug reservoir and, in some cases, also contributes to molecular protection, prolonged retention, or
stimulus-responsive drug release. Typical carriers include liposomes, micelles, nanoparticles,
polymeric assemblies, and DNA nanostructures.

Representative examples include aptamer-targeted DNA nanostructures loaded with DOX, such as
PTK7-targeted DNA tetrahedron systems, which have been reported to enhance cytotoxicity in
PTK7-positive cells while reducing activity in target-negative cells.3* Another prevalent approach
is AS1411-based hybrid delivery, in which the nucleolin-binding aptamer AS1411 has been utilized
to functionalize nanoparticles, liposomes, micelles, and nanospheres for DOX delivery.®> These
systems demonstrate that aptamer-mediated recognition can be integrated with higher-capacity
drug-bearing platforms rather than being restricted to single ligand-one drug constructs. A similar
principle applies to RGD-modified liposomes and nanoparticles, in which peptide-based recognition
is coupled with a larger carrier to improve tumor uptake while providing an expanded payload
reservoir.3!

In this sense, hybrid systems are best understood not as a distinct biological class, but as an
architectural strategy for combining recognition moieties with drug-loading platforms. Their
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primary practical value is the ability to partially compensate for a major weakness of minimal
ligand-only systems, namely, limited payload capacity and short systemic persistence, by pairing an
effective targeting head with a larger delivery platform. At the same time, hybrid designs introduce
additional variables, including carrier-associated clearance, biodistribution heterogeneity, altered
release behavior, and more stringent requirements for manufacturing control. Accordingly, hybrid
systems broaden the design space for targeted chemotherapy but also increase the number of
structural and pharmacological parameters that must be regulated during development.

Taken together, small molecule, peptide, and hybrid systems can be regarded as streamlined, more
modular alternatives to larger biologic delivery platforms. Their main advantage lies in improved
compactness, loading flexibility, and tissue accessibility, though these benefits are often
accompanied by inherent constraints in circulation time, exposure stability, and translational
simplicity. In this regard, these systems expand the repertoire of available delivery architectures
while further clarifying the fundamental trade-offs inherent to targeted chemotherapy.

A critical comparison of these systems suggests that compact delivery formats should not be viewed
simply as less developed versions of antibody-based platforms. Instead, small molecules and
peptides address a different delivery problem: they are more suitable for situations in which tissue
access, synthetic modularity, or local diffusion is more important than prolonged systemic
persistence. Their therapeutic limitation is therefore often not initial tumor access, but insufficient
retention, rapid clearance, or limited payload capacity. Hybrid systems emerge as a practical
response to this limitation by combining compact recognition elements with larger drug reservoirs
or controlled-release carriers. However, this strategy ‘also partially sacrifices the simplicity and
penetration advantages of minimal ligand-based systems. Thus, the major design challenge for small
molecule, peptide, and hybrid platforms is to improve exposure and payload capacity without
eliminating the transport advantages that originally justify their use.

6. DISCUSSION AND PERSPECTIVE

A major challenge intargeted chemotherapy is that effective delivery relies on far more than target
recognition alone. Even when a targeting moiety binds robustly to tumor cells, therapeutic efficacy
can still be limited by inadequate tumor accumulation, poor tissue penetration, insufficient
circulation time, incomplete coverage of heterogeneous lesions, or nonproductive payload release.
These bottlenecks vary in severity across different disease settings, indicating that future
development should prioritize identifying the dominant delivery barrier within a specific tumor
context rather than maximizing binding affinity in isolation.?® Effective targeted chemotherapy
therefore requires coordinated optimization across multiple interdependent parameters, rather than
isolated improvements in binding performance.

From this perspective, different targeting heads may be more suitable for different therapeutic
scenarios. Antibody-based systems remain highly attractive in tumors with high target expression
and less restrictive spatial distribution, particularly when durable systemic exposure is more
important than deep tissue penetration. This may be the case in lesions where tumor cells are readily
accessible from the vasculature or where sufficient drug delivery can already be achieved without
requiring extensive diffusion into a dense stromal matrix.”>* In such settings, antibodies benefit
from their long circulation time, high selectivity, and well-established translational framework.
Their performance may be further improved through payloads with bystander capability, optimized
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extracellular or pericellular release strategies, or stricter biomarker-guided patient selection,
enabling this format to be applied in tumors with sufficiently high and homogeneous target
expression. Put differently, antibody-based systems do not need to overcome every penetration
barrier to be effective; in some disease settings, sustained exposure and highly selective delivery
already constitute decisive advantages.

By contrast, in tumors where penetration represents a more immediate bottleneck, such as lesions
with dense stroma, uneven perfusion, or dispersed target distribution, small molecules and peptides
may offer distinct advantages due to their compact size and chemical flexibility. Their main
limitation is often not tissue access, but retention: they may penetrate tissues more readily than
antibodies but persist for a shorter duration and, in some cases, exhibit lower tumor selectivity.%®
Future optimization for this class of delivery systems should therefore focus on improving tumor
exposure and retention without compromising the inherent transport advantages of small-format
agents. Feasible strategies include reversible albumin binding, multivalency modification, self-
assembly, and carrier-assisted design. In this context, hybrid systems do not need to be regarded as
an entirely independent category; instead, they can be viewed as an approach to extend small-
molecule or peptide targeting by coupling targeting moiety recognition with a larger payload
reservoir or a more controlled release module.

Aptamer-based systems occupy a particularly interesting position because they combine a favorable
molecular size with sequence-level programmability. This characteristic grants them potential value
in settings where both tissue access and structural tunability are critical. These systems are
especially advantageous when the design goal is not only to improve penetration, but also to
coordinate targeting with programmable payload placement or release logic. Reported strategies
demonstrate several avenues through which this platform can be optimized. Long-acting
modification approaches encompass conjugation with small-molecule coupling agents. These
approaches can help extend circulation half-life. Notably, sequence-integrated designs embedding
chemotherapeutic agents directly into the aptamer scaffold can enhance payload loading.?*-?> More
broadly, aptamer systems can be developed to achieve more controllable degradation behavior,
improved intracellular processing, and greater compatibility with multivalent or logic-gated
recognition. Their greatest promise therefore lies not simply in their smaller size relative to
antibodies, but in their capacity to enable integrated design of recognition, loading, and release.
These considerations suggest that the future of targeted chemotherapy should center on problem-
oriented platform selection rather than the pursuit of a universally superior targeting format. Some
cancers benefit most from prolonged exposure and highly selective recognition, for which
antibodies remain a rational choice. Other cancers pose greater challenges in tissue access,
modularity, or adaptable release control, rendering smaller ligands, peptides, or aptamer-based
systems more appealing. The key design question is therefore not which targeting head is
intrinsically optimal, but which format best matches the dominant biological and transport
constraints of a given therapeutic setting. In this sense, more effective targeted chemotherapy will
likely arise from selecting delivery architectures based on scenario-specific bottlenecks and refining
each platform via modification strategies that directly resolve these limitations. Moreover, tumor
heterogeneity should be regarded as a dynamic rather than static process. Treatment-induced
alterations in target expression, receptor trafficking, or cellular phenotype can progressively reshape
target availability during therapy, indicating that future delivery systems should be designed with
greater adaptability to temporal heterogeneity and evolving tumor biology.”®> Furthermore, the
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design of next-generation systems must also account for dynamic biological resistance mechanisms,
such as target downregulation and impaired endosomal escape, which frequently limit long-term
therapeutic efficacy. Emerging Al-assisted computational approaches can further facilitate the
rational design of targeted chemotherapy platforms. By improving the prediction of ligand-target
binding modes, identifying optimal conjugation or modification sites, and modeling aptamer
structures and sequence-dependent drug-incorporation positions, Al can reduce empirical screening
and accelerate the development of more efficient and programmable delivery systems.’*¢ To
address these increasingly complex multivariable designs, the field will inevitably rely more heavily
on quantitative systems pharmacology and Al-driven modeling to accurately predict the optimal
balance among circulation stability, tissue penetration, and intratumoral drug release.
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Strategies for targeted chemotherapy
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Figure 1. Differences in targeted delivery systems for chemotherapy
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Drug design workflow for targeted chemotherapy delivery
> > > 2

Stage 1: Target identification & validation Stage 2: Payload (drug) selection & optimization

RO g %szg ”

| NN

Cytotoxic agent library Lead compound delection

Lo

o]

Tumeor

L
L
ATCATCGAGCGTGTTC Tumor  Healthy PODVL " Monoclonal  Antbody fragr
Cancer patient s el tuml’d:snt::g::zz:fens i i —| niibady bl
Y (Genomics, Bioinformatics P! g Microtubule DNA damaging {mAb)
sample proteomics) (TSAs) or inhibitors agents
overexpressed receptors
Kinase Inhlbltors Chemlcal modification for Peptides Aptamer
q - - - conjugation

Stage 3: Carrier & targeting ligand design ¢ L jugati )
3A: Nanoparticle carrier design 3B: Targeting ligand design

Stage 4:Formulation & conjugation

4A: Active targeting (e.g., ADC) 4B: Passive targeting
(e.g. multifunctional nanoparticle)
— Y7

i Polyﬁweric . i Monoclonal  Antibody
Liposomes nanoparticles Dendrimers | antibodies  fragments Peptides Aptamers . Nanapartisle
drug

(mAbs) (Fab) ~\___. PEG linker
\Wr/ Antibody

o Payload

B ADC
Stage 5: Preclinical evaluation

In vitro evaluation In vive evaluation

Stage 6: Optimization & translation

Iterative refinement \ :

e (based on preclinical data) Lead candldate delection
> Iterative
Tumor cell

|
| o
| L8

/ refinement
~__ .
Tumor-bearing mouse Biodistribution
‘Uptake model (PET/SPECT imaging)
-Cytotoxicity ) -Tumor growth inhibitior
jechan=merastion -Off-Target toxicity GMP manufacturing & scale-up
g L J

Figure 2. A diagram shows the drug design workflow for targeted chemotherapy delivery
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Aptamer-based chemotherapy delivery systems:
design approaches and examples
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Figure 3. Designs and examples for aptamer-based chemotherapy delivery systems
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Compact, modular, & hybrid chemotherapy delivery systems:

5.1 Small-molecule (SM) ligands

Compact size, Synthetic accessibility

Sasic SM conjugate:

~ e ~ \o
Ligand Linker Payload

Folate-targeted
- CHs

Feature

» Chemically modular
+ Favors modular

chemistry and
tissue access

Limitation
~Shorter circulation
time

«Narrower exposure
window

5.2 Peptide-guided delivery

Intermediate position, Modular sequence

Two visual modes:

Sstr2-targeling pen-221

(A) Stand-alone targeting head/direct conjugate

Bicyclic peptide bi1718

Receptor-directed and protease-associated

targeting strategies

RPD motif
{Integrin avf3
homing peptide)

Micelle
carrier

Feature

+ Tumar, or
microenvironment
targeting

{B) Targeted carrier module

Payload

Peptide as stand-alone head or grafted module

Limitation
+Proteolytic instability
+Short half-life
+Balance affinity vs,

penetration

design logic, examples, & trade-offs

5.3 Hybrid delivery systems

Architectural strategy for combining recognition
with loading

Concept diagram:

Targeting ligand Larger carrier platform
(Aptamer/Peptide/SM)  (Main drug reservoir)

F DOV

Selective binding I_’roteciion‘ Retention, or
stimulus-responsive release

Enhance pharmacokinetic performance and
increase payload capacity
2. Detailed examples:
Aptamer-targeted DNA nanostructures
PTK7-targeted DNA
tetrahedron system

Enhance cytotoxicity in PTKY-
positive cells while reducing
activity in target-negative cells

Feature Limitation

* High encapsulation |« Stability risks

* Tailored release | |+ Manufacturing
complexity

Figure 4. Designs and examples for small molecule, peptide, and hybrid chemotherapy delivery systems
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