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a b s t r a c t

Cancer is the second leading cause of death globally. Its treatment remains a major challenge due to

the disease’s complexity, heterogeneity, and adaptive nature. Among the array of available treatments,

targeted therapy emerges as a paramount approach to address this substantial unmet clinical need, ow-

ing to its precise tumor targeting capabilities and potential for mitigating tumor progression risks. Drug

conjugates are in high demand for targeted therapy due to their unique ligand specificity and potent cy-

totoxicity, thereby significantly enhancing therapeutic efficacy and reducing the incidence of adverse ef-

fects. Therefore, as a burgeoning field in biomedical research, it is timely to outline the latest advances in

drug conjugates-driven cancer treatment. Herein, we aim to present the emerging breakthroughs in this

exciting field at the intersection of target ligands, linkers, payloads, and cancer treatments. This review

focuses on several drug conjugates-related strategies, including antibody-drug conjugates (ADCs), peptide-

drug conjugates (PDCs), small molecule-drug conjugates (SMDCs), aptamer-drug conjugates (ApDCs) and

radionuclide-drug conjugates (RDCs). Finally, we discuss the fundamentals behind drug conjugate-based

anticancer therapeutics, along with their inherent advantages and associated challenges, as well as recent

research advances.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Cancer is currently the second leading cause of premature mor-

tality and shortened life expectancy worldwide [1]. Despite various

therapeutic approaches, clinical outcomes often fall short of expec-

tations. Surgery, chemotherapy, and radiation therapy are the most

commonly employed treatments; however, surgery is only effec-

tive for solid tumors and localized lesions [2]. Although radiation

therapy and chemotherapy are used to treat most types of cancer,

they often cause side effects and significant damage to normal cells

and tissues [3], significantly limiting their clinical efficacy. The im-

munotherapy represents a promising therapeutic strategy that har-
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nesses the body’s immune system to combat tumors [4]. However,

its efficacy in treating solid tumors and preventing tumor recur-

rence and metastasis has been suboptimal [5]. To surmount these

problems and increase anti-cancer efficiency, additional therapeu-

tic strategies are urgently required.

Targeted therapies can precisely target and eliminate tumors,

reducing the risk of progression and prolonging patient survival

[6,7]. As a result, there has been growing interest in developing

these therapies. Several targeted treatments are currently approved

for cancer, including hormonal therapies, protease regulators [8],

signal inhibitors, gene expression modulators [9], apoptosis induc-

ers, immunotherapies, and antibody-drug conjugates, among oth-

ers. Among these, drug conjugates are the most promising targeted

therapies due to the high specificity of the targeting ligands and

the high activity of the payload [10]. Drug conjugates consist of

three basic components: targeting ligands, linkers, and payloads.

https://doi.org/10.1016/j.cclet.2025.110960
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Targeting ligands deliver drugs precisely to specific cell surfaces,

while linkers allow payloads to be released accurately within the

target cell. Therefore, drug conjugates are also known as "biological

missiles" or "magic bullets" [11,12].

After decades of research, drug conjugates are the fastest-

growing class of targeted therapies. Antibody-drug conjugates

(ADCs) are the key to unlocking the door to conjugated drugs,

which were first proposed in the 1950s. Monoclonal antibodies

(mAbs) are commonly used as carriers for ADCs due to their tar-

geted delivery and specific binding properties to overexpressed

antigens on tumor cells. Despite their advantages, such as high

target specificity and binding affinity, good stability in circulation

and internalization efficiency, mAbs also have limitations includ-

ing their high molecular weight, restricted distribution, low pene-

tration ability, and potentially life-threatening side effects [13]. To

overcome these limitations, alternative drug conjugates subtypes

using smaller molecular weight tumor-homing carriers like pep-

tides have been developed. Peptide-drug conjugates (PDCs) show

improved efficacy and reduced side effects compared to mAbs with

enhanced penetration ability, reduced immunogenicity, simpler de-

sign, and cheaper synthesis. However, PDCs development has been

slow in clinical settings due to short circulatory half-life and rapid

renal clearance [14]. Other types of drug conjugates such as small

molecule-drug conjugates (SMDCs) [15], aptamer-drug conjugates

(ApDCs), radionuclide-drug conjugates (RDCs) are being developed

to enhance the efficacy of anticancer therapies, with most cur-

rently in preclinical or clinical trials [16,17]. RDCs, in particular,

are characterized by the use of nuclides as payloads, distinguishing

them from other drug conjugates. This approach offers greater flex-

ibility in selecting targeting ligands, which can include antibodies,

peptides, small molecules, or nucleic acids. Such versatility enables

the customization of targeting ligands for a wide range of thera-

peutic applications.

In recent years, the range of applications and application sce-

narios for drug conjugates have significantly expanded, encompass-

ing concepts such as combination therapy and precision drug de-

livery. Various new drug conjugates concepts have emerged in a

never-ending stream, and the industry has unleashed a wave of

new drug conjugates development. Therefore, it is time to con-

duct a comprehensive review of drug conjugates. This review is

poised to provide a comprehensive summary of emerging drug

conjugates for cancer-targeted therapy, with a specific focus on the

ADCs, PDCs, SMDCs, ApDCs and RDCs from the point of view of

components. Furthermore, we discuss the merits and demerits of

two kinds of linkers. Finally, we briefly analyze the advantages,

challenges, and future prospects of drug conjugates in clinical can-

cer therapy. This paper provides a valuable reference for the design

and construction of drug conjugates-based anticancer treatments.

2. Key components of drug conjugates

2.1. Targeting ligand

Targeting ligands play a pivotal role in the development of

drug conjugates, serving as carriers for efficacious payloads such

as small molecule drugs and enabling precise drug delivery due

to their specific targeting activity. The continuous advancements in

genetic engineering and conjugation technologies have led to the

emergence of diverse types of targeting ligands in the field of drug

conjugates, encompassing antibodies, peptides, small molecules,

and aptamers, each exhibiting unique advantages. As the key com-

ponent in targeted drug delivery, an ideal targeting ligand should

exhibit high selectivity and affinity for the target, low immuno-

genicity (or no immunogenicity), functional efficacy, promote drug

uptake, and possess an appropriate molecular size and others.

2.1.1. Antibody

The concept of ADCs originated from Paul Ehrlich’s "golden bul-

let" doctrine of monoclonal antibodies proposed in 1936, which

aimed to achieve cancer cell-specific treatments by precisely tar-

geting antigens with monoclonal antibodies. With the advance-

ment of genetically engineered antibody production technology

and new chemical ligation technologies, the concept of ADCs has

gradually become a reality. ADCs combine mAbs with highly po-

tent cytotoxic payloads through chemical linkers, achieving effi-

cient and tumor-specific delivery of cytotoxins, reducing their tox-

icity to normal cells and increasing the therapeutic index [18].

As a navigation system for ADCs, ideal antibodies should possess

the following characteristics: target specificity, high target binding

affinity, effective internalization, low immunogenicity, low cross-

reactivity, maintaining a relatively long plasma half-life, and ap-

propriate conjugation properties. The mAbs used in ADCs are typ-

ically selected from one of four isotypes of human immunoglob-

ulin G (IgG), which are defined by different sequences of heavy

chain amino acids (IgG1, IgG2, IgG3 or IgG4) [12]. Considering the

half-life, structural stability, immune function of Fc fragment and

coupling convenience of different IgG types of antibodies, IgG1

(human-derived, or PEGylated) is preferred by ADCs [19]. Despite

their numerous advantages, ADCs currently face several challenges

that need to be addressed, including large molecular weight of an-

tibodies, complex manufacturing process, low drug delivery effi-

ciency, non-specific expression of target antigens in normal tissues

and heterogeneity of target antigen expression in tumor cells [20–

22].

2.1.2. Peptide

PDCs, as the subsequent generation of targeted therapies suc-

ceeding ADCs, possess enhanced cellular permeability and im-

proved drug selectivity as their core advantages. PDCs usually use

linear, cyclic single-chain polypeptides as targeted peptides, with

a flexible and simple structure, high disulfide bond independent

stability, and low molecular weight (usually only a few kDa) [23].

Compared to mAbs as previously mentioned, peptides can offer

some significant advantages over antibodies, including deep tis-

sue permeability, low immunogenicity and toxicity, low produc-

tion costs, easy introduction of structural modifications, support

for drug and rational design, improved stability and activity, high

selectivity and specificity, fewer drug-drug interactions and low

off-target toxicity [24–26].

Peptides can be classified according to their functions: cell-

penetrating peptides (CPPs), cell-targeting peptides (CTPs). CPPs re-

fer to small, short molecular peptides that can enter cells without

disrupting their membrane integrity [27]. CPPs tend to be short,

positively charged sequences of alkaline amino acids, which allows

them to interact well with cell membranes and effectively deliver

drugs into cells utilizing endocytosis [28]. CPPs can be divided into

three classes: protein derived CPPs, modified CPPs [29] and de-

signed CPPs [30]. However, due to their low cell specificity, the

application of CPPs to these types of PDCs has been limited. In

contrast, CTPs serve as an ideal carrier molecule that can specifi-

cally bind to receptors overexpressed on the surface of tumor cells

and exhibit similar effects to monoclonal antibodies while over-

coming several limitations. One advantage of utilizing CTPs instead

of monoclonal antibodies lies in their superior tissue penetration

capability, enabling efficient transmembrane transport and intra-

cellular targeting within tumor cells [31]. Additionally, CTPs offer

numerous advantages in comparison to conventional monoclonal

antibody therapies, encompassing cost-effectiveness, enhanced sta-

bility, and absence of immunogenicity. Consequently, CTPs have

gained widespread utilization in PDCs research. Meanwhile, self-

assembling peptides (SAPs), as a peptide-targeting ligand, exhibit

remarkable versatility in different research fields due to the unique
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capability to spontaneously form well-defined structures without

requiring external stimuli, making them with good biocompatibil-

ity, biodegradability and versatility [32]. Responsive peptides are

polypeptide structures that undergo structural changes when ex-

ternal conditions change [33]. Due to the unique tumor microen-

vironment (TME), it has also attracted the attention of many re-

searchers (Table S1 in Supporting information).

The steady development of peptide chemistry has made it pos-

sible to obtain PDCs relatively directly [34]. However, the utiliza-

tion of peptides as targeting ligands also poses potential challenges

[35], including low affinity, limited in vitro half-lives, and suscepti-

bility to protease-mediated degradation [36,37]. With the advance-

ment of technology, chemical and structural modifications of pep-

tides can increase stability and improve peptide pharmacokinetics,

including binding to albumin, pegylated and so on.

2.1.3. Small molecule

Small molecule-based drug delivery systems have been em-

ployed for targeted delivery of therapeutic agents to tumor sites

and enhanced the clinical outcomes of anticancer drugs, offering

advantages such as low immunogenicity, cost-effectiveness, and

enhanced distribution and permeability in tumor tissue due to

their smaller molecular size. Additionally, small molecules enable

accurate drug-ligand ratios, while off-target low-molecular weight

drug conjugates are commonly excreted from the body, reduc-

ing undesired toxicity in normal cells [38]. Therefore, the unique

advantages of small molecules have promoted the development

of SMDCs. An ideal SMDCs ligand should possess characteristics

such as chemical inertness, non-immunogenicity, optimal size, high

affinity for target molecules, facile synthesis and amplification pro-

cesses, as well as straightforward transportation and storage pro-

cedures [38–40]. Several targets of SMDCs, such as glucose trans-

porter 1 (GLUT1), fusion protein BCR/ABL, the folic acid, aminopep-

tidase N (APN), phosphatidylserine (PS), αvβ3, and the somato-

statin receptor (SSTR), have been investigated in clinical trials or

preclinical study of SMDCs [40–42].

The molecular composition of SMDCs exhibits similarities to

that of ADCs, thus leading to a gradual evolution in the devel-

opment process of SMDCs alongside the advancements in ADCs.

With enhanced computational support data, cost-effective proper-

ties, and simplified characterization compared to macromolecular

ligands, novel small molecule ligands have been embraced for their

potential as cancer cell-targeting agents [43]. However, the rate of

development of SMDCs is limited due to the difficulty in finding

suitable receptors and ligands for SMDCs and the scarcity of tar-

gets and indications.

2.1.4. Aptamer

In recent years, nucleic acid drugs have become increasingly

important in disease treatment, particularly for conditions not ad-

dressable by small molecule or protein drugs. An aptamer, a mem-

ber of the nucleic acid drug class, is a small RNA or single-stranded

DNA that adopts a specific three-dimensional structure. Utilizing

base stacking, hydrogen bonding and electrostatic interaction, ap-

tamers exhibit high affinity and selectivity towards specific target

tissues [44,45]. Besides binding to targets, aptamers can also act as

therapeutic agents to regulate the biological function of biomark-

ers.

Aptamers offer higher screening efficiency than antibodies and

can be generated through various artificial screening technologies,

including Systematic Evolution of Ligands by Exponential Enrich-

ment (SELEX), Cell-SELEX, capillary electrophoresis-SELEX, and au-

tomated SELEX [44]. Nucleic acid aptamers offer an alternative tar-

geting approach for antigens that are difficult to detect with anti-

bodies due to low sensitivity. Their synthesis is mature and cost-

effective, and their low molecular weight ensures high tissue per-

meability [46]. Meanwhile, nucleic acid aptamers can target vari-

ous molecules (e.g., metal ions, small organic molecules, proteins,

sugars, lipids and cells) [47].

Both RNA aptamers and DNA aptamers exhibit strong binding

affinity for different targets. Recent studies have shown that while

DNA and RNA aptamers exhibit similar efficacy, DNA aptamers of-

fer several advantages over RNA ligands. These include the absence

of transcription requirements, ease of modification [48], lower cost

and time demands, and improved stability, owing to the C–H bonds

at the 2′-deoxyribose position in DNA nucleotides [46]. Therefore,

DNA-based aptamers have a good research prospect.

Currently, most ApDCs consist of three parts: targeting lig-

and, linker and payload. Interestingly, it has a unique coupling

mode, non-covalent connection, with intermolecular forces such

as van der Waals force, hydrogen bonding and electrostatic in-

teraction, to achieve the direct binding of nucleic acid aptamers

and drugs, without the need for linkers. For example, doxorubicin

(DOX) molecules can embed nucleic acid base fragments due to

its flat aromatic ring structure, directly forming the aptamer DOX

complex [49–51], e.g., A10-DOX, HB5-DOX. ApDCs is a promising

targeted drug delivery platform that is still in its infancy and clin-

ical translation needs to be further advanced.

2.2. Linker

The key requirement for the linker is that it must ensure the

chemical stability of the drug conjugates in the blood and allow

for rapid release of the payload at the target site after internaliza-

tion. In addition, the ideal linker should also possess the following

characteristics: (1) Non-toxic: the linker must keep the coupling in

an inactive and non-toxic state when it binds to the antibody; (2)

Controlled drug release: linkers should facilitate controlled release

of cytotoxic drugs upon internalization; (3) High water solubility:

the linker aids in coupling reactions and prevents formation of in-

active aggregates [52–54]. Drug conjugates commonly employ two

types of linkers: cleavable and non-cleavable linkers, which play a

pivotal role in determining the overall functionality and efficacy of

these conjugates (Fig. S1 in Supporting information).

2.2.1. Cleavable linkers

The cleavable linker can be disrupted by intracellular

biomolecules or enzymes, thereby enabling targeted release

of payloads at specific sites, and is extensively employed in drug

conjugates. This release can lead to a "bystander effect", affecting

neighboring cells not directly targeted by drug conjugates. While

this can amplify the therapeutic effect, it also carries a risk: It

is more likely to produce toxicity at non-target sites. Compared

to non-cleavable linkers, the ability to specifically cleave at the

target tissue and rapidly release the drug to reach therapeutic

concentrations, while reducing toxic side effects to other tissues

or organs, makes the concept of intelligent drug delivery a reality.

Cleavable linkers can be divided into three main categories, includ-

ing: (1) pH-sensitive linkers [15]: acetals, hemiacetals, hydrazone

[55], imines and hydrazines; (2) Enzyme-sensitive linkers: matrix

metalloproteinases (MMPs) [56], Val-Ala [57], Carbamate bond,

Amide bond; (3) GSH concentration-sensitive linkers: disulfides

[58], thioethers [59], ferrocene [60], and metalthiols [61]; reactive

oxygen species (ROS)-responsive linker [62] and others.

2.2.2. Non-cleavable linkers

Unlike cleavable linkers, non-cleavable linkers are able to resist

degradation under physiologic conditions, providing stability and

structural integrity to drug conjugates, thereby ensuring that the

therapeutic payload remains securely attached until reaching the

designated target. Non-cleavable linkers also contribute to prolong-

ing circulation time in the systemic circulation, enhancing bioavail-
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ability and improving overall pharmacokinetics. Compared with

the cleavable ligand, the non-cleavable ligand has the following

advantages, such as good plasma stability, low off-target toxicity,

wide therapeutic window and is not easy to develop drug resis-

tance [63]. The action mechanism of non-cleavable linkers is based

on the internalization of the drug complex, followed by the degra-

dation of certain targeting molecular components in the lysosome,

resulting in the release of cytotoxic drugs to kill tumor cells (e.g.,

thioether linkers, maleimide caproyl linkers and others). They do

not release cytotoxic substances at the off-target site and therefore

do not damage healthy cells [64]. However, for non-cleavable link-

ers, the effect of the targeting molecules must be degraded in the

lysosome after the internalization of the coupled drug. Therefore,

differences between the parent drug and potential coupled drug

metabolites must be taken into account. Its application is limited

due to the difficulty in exerting the effects of onlooker cells and

the high structural requirements for payloads [65].

2.3. Payload

As the warhead of drug conjugates, the payload primarily per-

forms the cytotoxic function. Their activity and physicochemical

properties have a direct impact on the anti-tumor efficacy of con-

jugated drugs, including solubility, hydrophilicity, permeability and

modifiability, while their mechanism of action is a critical determi-

nant of the performance of conjugated drugs. Thus, the selection of

appropriate payloads is imperative for attaining desired therapeutic

outcomes [66]. An ideal payload should have the following char-

acteristics: high cytotoxicity, sufficiently low immunogenicity, high

stability [15,67], and low molecular weight [68]. At the present

time, the most commonly used clinical agents can be divided into

three main categories, including chemical drugs, biomacromolecule

drugs and radioactive isotopes.

2.3.1. Chemical drugs

Among drugs conjugate, the most applied payloads are chem-

ical drugs. These drug conjugates show strong potential in tar-

geted therapy by delivering their payload directly to target cells.

Upon internalization, the drug conjugate is degraded in lyso-

somes. This degradation releases the active payload, enabling it

to exert its therapeutic effect and ultimately induce target cell

death. In recent years, numerous chemical drugs have been exten-

sively studied and are currently undergoing clinical trials, such as

microtubule-disrupting agents maytansinoids [69], DNA damaging

agents calicheamicin [70], topoisomerase inhibitors DOX [71], tran-

scription inhibitors thailanstatin [72] and so on.

2.3.2. Biomacromolecule drugs

Although chemical drugs are widely used, conditions such as

safety and stability limit their further expansion, leading to a fo-

cus on non-chemical drugs. Many proteins and peptides have been

developed to target different active processes within tumor cells

due to the clinical limitations of traditional payloads, such as poor

efficacy, drug resistance, and the overactive metabolic processes of

tumor cells. Compared to chemical drugs, these may exhibit higher

activity, fewer side effects, and easier structural and chemical mod-

ification, including tumor necrosis factor (TNF) [73], polypeptide

RNA polymerase inhibitors amatoxins [74], Bcl-xL inhibitors [75],

niacinamide phosphate ribose transferase (NAMPT) [76] and oth-

ers.

2.3.3. Radioactive isotopes

In addition to drug-based payloads, some non-drug payloads

have also gradually caught the attention of researchers, such as ra-

dionuclides. Radionuclides are potent cytotoxic agents that emit al-

pha, beta, and gamma radiation, which can destroy cells through

ionization. Currently, they are widely used in tumor diagnosis,

treatment, and tissue imaging. However, due to their potential to

damage surrounding healthy cells, radionuclides are primarily uti-

lized in targeted therapies [77].

Based on this, the RDCs formed by linking radioactive isotopes

to target ligands have gradually become a research hotspot in the

field of drug conjugates [78,79]. When RDCs work inside the body,

the linker arm does not need to be broken or in direct contact with

the cells. It can only achieve its tumor cell-killing effect through

internal radiation. In addition, it also exhibits bystander and dis-

tant effects, thereby giving it potential for use in diffuse tumors.

This further enhances the stability and safety of RDCs in the body

[44]. An ideal radioactive nuclide should possess the following

characteristics: a half-life that strikes a balance between minimiz-

ing prolonged radiation effects after the application of radioactive

drugs and allowing adequate time for production and transport;

sufficient stability both in vitro and in vivo; and other relevant fac-

tors [16,80,81]. Compared to ADCs, RDCs have several advantages

including high targeting specificity, lower risk of systemic toxicity,

higher drug safety, good tolerance, and immune enhancement. Al-

though RDCs are in their infancy, it can be predicted that it has a

good application prospect.

3. Clinical application of drug conjugates

Drug conjugates span multiple fields, including antibodies,

small molecules, cell therapies, and targeted therapies, with grow-

ing clinical and commercial importance (Fig. 1). Currently, more

than 20 drug conjugates are approved worldwide, of which 15

are ADCs (Table S2 in Supporting information). This surge mirrors

trends in other drug fields, creating a competitive landscape. Con-

sequently, research on novel drug conjugates remains active, espe-

cially on those with similar structures and mechanisms to ADCs,

such as PDCs, SMDCs, ApDCs, and RDCs.

3.1. ADCs

Research on ADCs dates back to 1980; however, the Food and

Drug Administration (FDA) approved the ADCs for acute treatment

only in 2000. Unfortunately, owing to severe toxicity concerns, this

drug was withdrawn from the market in 2010. Technological revi-

sions led to the development of first-generation ADCs that received

FDA approval in 2017. After several decades of optimization of key

components, there are currently 200 active drugs in clinical stages

across different countries worldwide [82].

3.1.1. First-generation ADCs

The mAbs used in previous ADCs studies were derived from

mice, resulting in an immune response and production of human

anti-mouse antibodies. Since the first generation of ADCs, recom-

binant humanized IgG4 has been used as an antibody that binds

Fig. 1. The timeline of the drug conjugates development process.
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to low-toxicity cytotoxic drugs via unstable linkers, such as gem-

tuzumab ozogamicin and inotuzumab ozogamicin.

Calicheamicin is a potent DNA-damaging agent isolated from

Micromonospora echinospora that induces toxicity in a variety of

cells, limiting its application. However, its toxic effects can be

minimized when incorporated into drug conjugates. Petersdorf et

al. developed gemtuzumab ozogamicin (Mylotarg R©), an anti-CD33

IgG4 monoclonal antibody conjugated to calicheamicin via a cleav-

able hydrazone linker. This ADC had an average drug-antibody ra-

tio (DAR) of only 1.5 and contained approximately 50% uncoupled

monoclonal antibodies. Once internalized, the hydrazone bond hy-

drolyzes in the acidic endosome, releasing ozogamicin. Glutathione

then reduces it to the active form, which binds to DNA grooves,

selectively cleaving double-stranded DNA. Mylotarg R© was the first

ADC approved for acute myeloid leukemia treatment and the first

to be withdrawn due to severe cytotoxicity. It was later reintro-

duced with an optimized "dosing regimen" [83–85]. However, hy-

drazone bonds are prone to premature drug release into the blood-

stream owing to their instability.

Kantarjian et al. developed inotuzumab ozogamicin

(Besponsa R©), a recombinant human anti-CD22 IgG4 kappa

antibody. Ozogamicin binds to inotuzumab via a cleavable linker

based on hydrazone and disulfide bonds, specifically binding to the

CD22 target on the cell surface for the treatment of relapsed or

refractory precursor B-cell acute lymphoblastic leukemia [86,87].

Ozogamicin, a semi-synthetic acanthomycin derivative, is pro-

duced through microbial fermentation and synthetic modification.

As a DNA synthesis inhibitor, it induces double-stranded DNA

breaks, playing a tumor-killing role [88]. Compared to Mylotarg R©,

Besponsa R© uses a linker with greater steric hindrance at the

ortho-disulfide bond, improving stability and reducing premature

release of the cytotoxic drug.

First-generation drug conjugates have advanced targeted ther-

apies by improving efficacy, reducing systemic toxicity, and opti-

mizing pharmacokinetics, pharmacodynamics, and in vivo distri-

bution. However, limitations remain: (1) Insufficient drug efficacy:

low blood concentrations and poor target antigen expression re-

sult in inadequate intracellular drug delivery. (2) Linker instabil-

ity: hydrophobic payloads cause antibody aggregation, leading to a

short half-life, rapid clearance, and poor immunogenicity. (3) High

heterogeneity: random coupling of lysine and cysteine residues af-

fects DAR, which in turn influences efficacy, pharmacokinetics, and

therapeutic indices. (4) High immunogenicity: the use of murine or

chimeric human antibodies increases the risk of immune reactions.

Consequently, there is still a need for further enhancements in the

development of first-generation ADCs.

3.1.2. Second-generation ADCs

Compared to first-generation ADCs, second-generation ADCs

feature enhanced antibodies, linkers, and payloads, using chimeric

human antibodies or humanized monoclonal antibodies, more sta-

ble linkers, and more potent small-molecule drugs such as bren-

tuximab vedotin (Fig. 2A) and ado-trastuzumab emtansine.

Mertansine (DM1) is a microtubulin inhibitor that is isolated

from the shrub Maytenus ovatus. Compared to calicheamicin, it has

higher toxicity but with more serious side effects. Verma et al. de-

veloped ado-trastuzumab emtansine (Kadcyla R©), a HER2-targeting

ADC. It was synthesized using humanized HER2 IgG1 trastuzumab

and DM1 via a thioether linker (MCC), with an average DAR of 3.5

[89]. The MCC linker improves plasma stability and releases the

payload after endocytosis by HER2-positive cancer cells, resulting

in effective “mass killing” of HER2-positive tumor cells. It is com-

monly used in patients with HER2-positive breast tumors [90], al-

though MCC’s poor water solubility requires further stability im-

provements.

Younes et al. synthesized brentuximab vedotin (Adcetris R©),

coupling monomethylauristatin E (MMAE), a natural tubulin in-

hibitor, with brentuximab, a CD30-targeting monoclonal antibody.

A protease-sensitive, cleavable citrulline-Val-CIT with a mean DAR

of 4 was used [91,92]. Brentuximab vedotin is internalized by a

clathrin-dependent mechanism and is transferred to endosomes

and lysosomes, where the linker is hydrolyzed by cysteine pro-

teases such as cathepsin B, which hydrolyses the linker [93]. The

released free MMAE then binds to tubulin and inhibits its poly-

merization, leading to cell cycle arrest and cell death. In 2011,

brentuximab vedotin was approved for the treatment of primary

cutaneous anaplastic large-cell lymphoma (pcALCL) and CD30-

expressing mycosis fungoides (MF) after systemic therapy [94].

Compared to first-generation ADCs, second-generation ADCs

benefit from the IgG1 isotype, which is better suited for biocon-

jugation and cancer cell targeting. Using a more toxic payload

while increasing water solubility and coupling efficiency allows

more payload molecules to be loaded onto each monoclonal anti-

body without inducing antibody aggregation. Enhanced linkers of-

fer greater plasma stability and uniform DAR distribution, improv-

ing overall clinical efficacy and safety. However, challenges remain,

such as off-target toxicity. Future advancements will require site-

specific coupling to optimize DAR, alongside continued improve-

ments to mAbs and payloads.

3.1.3. The third-generation ADCs

The development of ADCs has been greatly facilitated by ex-

tensive research and the rapid development of monoclonal anti-

bodies. Consequently, the third generation of ADCs came into be-

ing, which employ site-specific binding of small molecule drugs to

monoclonal antibodies, achieving a DAR of 2 or 4. Stability and

pharmacokinetic problems were greatly improved, with low rates

of coupling loss and high drug activity maintained, even at low

antigen levels. Examples of such ADCs include polatuzumab ve-

dotin and fam-trastuzumab deruxtecan (T-DXd) (Fig. 2B).

Fig. 2. Structures of FDA-approved drug conjugates: Adcetris R© (A), Enhertu R© (B), Lutathera R© (C), and Pluvicto R© (D).
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DAR affects drug stability in circulation and influences both tox-

icity and pharmacokinetics. While earlier ADCs had DAR inconsis-

tencies, the third generation resolved many of these issues. Dornan

et al. designed and synthesized polatuzumab vedotin (Polivy R©),

which is composed of polatuzumab, a monoclonal antibody tar-

geting CD97b, bound to MMAE via a cleavable ligand, mc-vc-PABC,

with an average DAR of 3.5 [95]. Similar to brentuximab vedotin,

polatuzumab vedotin selectively binds to CD79b, undergoes endo-

cytosis and proteolytic cleavage to release MMAE, which induces

cell cycle arrest and cell death [96]. In 2019, Polivy R© was approved

by the FDA for use in combination with bendamustine and ritux-

imab for the treatment of r/r diffuse large B-cell lymphoma (DL-

BCL) in patients who have had at least two prior lines of therapy.

Further advancements were made in linker technology. Modi

et al. designed and synthesized fam-trastuzumab deruxtecan

(Enhertu R©), which is linked by a cleavable linker of trastuzumab,

a humanized monoclonal antibody targeting HER2, to an exate-

can derivative of a novel topoisomerase 1 inhibitor [97]. These

linkers contain an enzyme-cleavable peptide (GGFG) and an

aminoethyl moiety that can be released by internalized ADCs sub-

jected to lysosomal proteases, followed by rapid hydrolysis of

the aminoethyl moiety to ammonia and formaldehyde [98]. Fi-

nally, DXd is released into the cells, triggering cell death [99].

Compared to previous generations of ADCs, DXd is a more po-

tent active form of irinotecan. Its higher potency, combined with

novel tetrapeptide-based linker technology, improves plasma sta-

bility and reduces systemic toxicity. DXd’s cell membrane perme-

ability allows for a paracrine antitumor effect, a major advantage

in ADC design. This linker-payload system is particularly beneficial

in treating refractory HER2+ metastatic breast cancer [100].

The third generation of ADCs addresses the shortcomings of

first and second generations by incorporating key optimizations:

(1) Fully humanized antibodies replace chimeric ones to reduce

immunogenicity. (2) Site-specific binding of small-molecule drugs

to monoclonal antibodies results in ADCs with a DAR of 2 or 4,

offering reduced toxicity, higher stability, improved pharmacoki-

netics, minimal coupling loss, and no unconjugated antibodies. (3)

Unique amino acid sites and selective modifications, such as inter-

chain disulfide bonds, glycosyl, and chemically selective modifica-

tions, enhance targeting precision. (4) More efficient payloads, such

as PBD, microtubulins, and immunomodulators, are used. How-

ever, the third-generation connector types remain unchanged. To

avoid interference with the immune system and improve circula-

tion time, third-generation ADCs use more hydrophilic linker mod-

ifications, such as PEGylation.

3.2. PDCs

Recently, PDCs have emerged as a prominent research focal

point in the field of cancer treatment and have garnered exten-

sive attention. Due to their remarkable selectivity and specificity,

PDCs exhibit enhanced therapeutic efficacy. As an emerging tar-

geted drug delivery system, PDCs offer new hope for treating vari-

ous cancers and are gradually entering clinical use. Researchers are

actively exploring diverse strategies to optimize the design and for-

mulation of PDCs tailored to specific tumor types or individual pa-

tients. Currently, only three PDCs are marketed worldwide for ther-

apeutic purposes.

Most gastroenteropancreatic neuroendocrine tumors (GEP-

NETs) have relatively high levels of somatostatin receptor (SSTR)

expression, and radiolabelled somatostatin analogs have high affin-

ity for SSTR. These analogs can be internalized into cells. Their

low molecular weights allow them to be rapidly cleared from the

blood, making them ideal drug candidates. Lutathera R© (Fig. 2C),

developed by Novartis, was the first peptide-targeted PDC, using

radionuclides as its killing mechanism. Specifically, it uses radionu-

clide 177Lu combined with a somatostatin analog (octreotate) and

1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) for

SSTR-targeted therapy. In 2018, the FDA approved Lutathera R© for

treating GEP-NETs, and Novartis is exploring its use in other can-

cers, including lung, prostate, breast, and colorectal cancers [101].

Multiple myeloma (MM) is a common hematological malig-

nancy that is difficult to treat because of recurrence. Fortunately,

aminopeptidases have emerged as promising targets. PDCs have

been developed using oncopeptides, such as melphalan flufe-

namide (melflufen, Pepaxto R©), which links melphalan to para-

fluoro-l-phenylalanine through simple peptide bonds. Melphalan

flufenamide enters the cell via passive diffusion and is hydrolyzed

by aminopeptidases in the cytoplasm to produce the hydrophilic

cytotoxic alkylating agent melphalan and other active metabo-

lites. In February 2021, the FDA approved melflufen combined

with dexamethasone for the treatment of adult patients with re-

lapsed/refractory multiple myeloma (R/R MM). However, because

it showed safety risks in confirmatory studies, Oncopeptides vol-

untarily withdrew Pepaxto R© from the U.S. market in October 2021

[102].

Prostate-specific membrane antigen (PSMA) is a carboxypepti-

dase highly expressed in prostate cancer cells. Although existing

PSMA inhibitors have good tumor-targeting properties, their phar-

macokinetic effects are severely compromised by their typical low-

molecular-weight membranes, limiting their application. To over-

come this, Novartis developed Pluvicto R© (PSMA-617) (Fig. 2D), an

RDC that uses radionuclide 177Lu as a payload attached to a PSMA-

targeting peptide fragment (Glu-NH–CO–NH-Lys) via a DOTA and

Glu-UREA-LYS linker. Pluvicto R© emits radiation over a short range,

allowing precise tumor targeting while limiting damage to sur-

rounding healthy cells. In March 2022, the FDA approved Pluvicto R©
for treating patients with PSMA-positive metastatic castration-

resistant prostate cancer (mCRPC) [103].

3.3. SMDCs

With new scientific explorations uncovering the details of can-

cer cell receptor overexpression, the potential of SMDCs as targeted

therapies has received widespread attention. Compared to large-

molecule ligands, small-molecule ligands offer advantages such as

lower cost, better computational modeling, and easier characteriza-

tion. Moreover, SMDCs are highly effective, cost-efficient, and safe

drug delivery systems.

Vintafolide, developed by Endocyte, is an SMDC targeting FRα,

connecting folic acid (FA) and the vinca alkaloid desacetylvin-

blastine hydrazide (DAVLBH) by means of a peptide spacer and

a reducible and spontaneous disulfide linker. Following receptor-

mediated endocytosis, DAVLBH is released into the cells by cleav-

ing the disulfide bond. Despite its potential, vintafolide’s phase

III clinical trial failed, halting its progress toward market approval

[104].

3.4. ApDCs

Similar to ADCs, ApDCs were proposed for the first time in

2009. Aptamers have better stability, lower process cost, lower im-

munogenicity, and deeper tissue penetration owing to their small

size. Despite these advantages, ApDCs development remains in its

early stages, with no products currently on the market as of Octo-

ber 2024.

Gemcitabine is a first-line chemotherapeutic agent used for

treating pancreatic cancer. However, owing to the frequent occur-

rence of resistance to chemotherapy, its application is limited. Ap-

tamers, which can be effectively internalized into cancer cells by

binding to target molecules with high affinity and specificity, offer

a promising alternative. Park et al. developed APTA-12 as an ApDC
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that incorporates gemcitabine into the loop region of the DNA ap-

tamer AS1411, which targets the cellular protein nucleolin. Once

internalized, APTA-12 disrupts the stability of bcl-2 mRNA and re-

leases gemcitabine after nuclease-mediated degradation, playing a

role in DNA incorporation. In vitro experiments confirmed that it

exhibited good targeting and serum stability, while in vivo exper-

iments confirmed that it showed good tumor-inhibiting efficacy

compared to controls. A Phase I clinical study is currently under-

way [105].

3.5. RDCs

The clinical application of drug conjugates, alongside innova-

tions in targeting ligands and payload modifications, has driven the

rise of RDCs as a new therapeutic category. As an innovative form

of medicine, RDCs exhibit numerous similarities and distinct dif-

ferences compared with ApDCs and SMDCs. In contrast to the in-

creasingly saturated field of ADCs, RDCs offer a novel alternative

with a less competitive development landscape. The research and

development of RDCs has thrived in both academia and industry,

resulting in a steady increase in the number of drug candidates

entering clinical trials. RDCs rank second in the number of mar-

keted coupling drugs, but only two, both developed by Novartis,

have demonstrated therapeutic efficacy: Lutathera R© and Pluvicto R©.

These RDCs, which use peptides as targeting ligands (making them

PDCs), illustrate the potential of this approach, though the broader

therapeutic potential of RDCs remains largely unexplored. As ADCs

were being developed, multiple other drug conjugates also entered

clinical research (Table S3 in Supporting information).

4. New progresses in drug conjugates

4.1. New design in ADCs

4.1.1. New targeting ligand in ADCs

To address the limitations of conventional IgG antibodies, such

as high molecular weights and low penetrability, smaller antibody

formats such as single-domain antibodies (sdAbs), single-chain an-

tibody fragments (scFvs), and minibodies have been developed.

Compared with intact IgG, their faster clearance rate, higher sta-

bility, and solubility may be advantageous for reducing the num-

ber of potentially immunogenic epitopes. Moreover, their unique

light chain variable domains (VL) make them promising scaffolds

for ADCs development.

Ganglioside GD2, a validated clinical target overexpressed in

several cancers, is a promising marker for anti-tumor therapy

[106]. Combining small antibody fragments with ADCs can en-

hance therapeutic efficacy. Daniel et al. employed two different

GD2-binding formats, minibodies and scFvs, both containing vari-

able antibody domains identical to those of dinutuximab, conju-

gated to MMAE via thiol-maleimide chemistry, resulting in DAR of

2 and 1 [107], respectively (Fig. 3A). Stability, affinity, and cyto-

toxicity experiments showed that mini-body-based fragment-drug

conjugates (FDCs) demonstrated more pronounced cytotoxic effects

and stronger antigen binding than scFv-based FDCs (Figs. 3B–D).

Currently, sdAbs are the smallest functional antigen-binding frag-

ments obtained from conventional IgG, consisting only of VH or VL.

Their small size, rapid clearance, good stability, high solubility, and

low immunogenicity make them attractive ligands for ADC devel-

Fig. 3. (A) Reaction scheme of the generation of scFv and minibody conjugates with monomethyl auristatin E (MMAE) or F (MMAF). (B) Polyacrylamide gel electrophoresis

of the FDCs in reducing conditions. 1, molecular weight protein markers; 2, scFv; 3, scFv-MMAE; 4, scFv-MMAF; 5, minibody; 6, minibody-MMAE; 7, minibody-MMAF. (C)

Direct enzyme-linked immunosorbent assay (ELISA) of minibodies/scFv fragments and minibody-based FDCs/scFv-based FDCs. (D) Viability of cell lines analyzed by MTT

assay following 72h incubation with scFv-MMAE and minibody-MMAE, scFv-MMAF and minibody-MMAF. Copied with permission [110]. Copyright 2023, Springer Nature.
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Fig. 4. Structure diagram of EGCit (A) and phenoxysilyl (B) linker.

opment [108,109]. Ana et al. developed a novel rabbit-derived VL

sdAb-based bioconjugation linker and created DAB-SN-38, a com-

plex molecule featuring the SN-38 drug, an ROS-responsive deaza-

purine linker, and a maleimide bioconjugation handle. Conjugated

at Cys80, DAB-SN-38 achieved a DAR of 1 [110]. In animal mod-

els of canine non-Hodgkin’s lymphoma, DAB-SN-38 showed potent

cytotoxicity linked to DNA Topo I inhibition, demonstrating high

efficacy against canine diffuse large B-cell lymphoma at nanomo-

lar concentrations. This highlights the potential of rabbit-derived

sdAbs as targeting moieties for ADCs.

Currently, most targeting ligands used in ADCs are mono-

specific antibodies. However, monospecific antibodies are prone to

defects such as poor affinity and targeting, random directions of

binding sites, and poor long-term storage stability due to struc-

tural changes in the antibodies, which limits their application. To

address these issues, the development of bifunctional antibodies is

necessary. Bispecific antibodies possess two antigen-binding sites

that allow ADCs to target two different epitopes on the same anti-

gen or to completely target two different antigens. The benefits

of bispecific antibodies over monospecific ones include: (i) En-

hanced targeting by engaging two binding sites on the same anti-

gen, potentially increasing the binding affinity and specificity of

the antibody; (ii) the ability to target multiple antigens simultane-

ously, which is advantageous for cancer and immunological thera-

pies; and (iii) the ability of bispecific antibodies to cross-link can-

cer cells and immune cells, such as T-cells, to facilitate targeted

cell killing. For example, He et al. constructed ADCs by conjugat-

ing anti-programmed cell death-ligand 1 (PD-L1) THIOMAB to the

bifunctional immunomodulator D18 via a redox-cleavable linker.

The ADCs HE-S2 not only induces a potent anti-tumor immune

response by blocking the programmed cell death 1 (PD-1)/PD-L1

interaction and activating the Toll-like receptor 7/8 (TLR7/8) path-

way, but also upregulates its targeted PD-L1 expression via epige-

netic regulation. This enhances sensitivity to PD-1/PD-L1 blockade

and suggests that treatment with ADCs HE-S2 may provide greater

tumor suppression than treatment with D18 combined with an

anti-PD-L1 antibody. This approach represents a novel strategy for

enhancing the antitumor immune response to immune checkpoint

blockade (ICB) therapy [111].

4.1.2. Advances in ADCs linkers

Linkers used in ADCs, whether cleaved or non-cleaved, are in-

ternalized by cells to release the payload. However, off-target tox-

icity remains a problem. Optimizing linkers is critical for improv-

ing ADCs safety and efficacy. Ha et al. introduced a novel valine-

citrulline (VCit)-based linker, glutamate-glycine-citrulline (EGCit)

(Fig. 4A), which replaces valine with glutamic acid. This modifi-

cation significantly enhances the stability of VCit-based linkers. In

vitro experiments have demonstrated that the EGCit linker is resis-

tant to degradation by human neutrophil proteinases. In vivo, the

linker exhibited long-term stability with minimal signs of blood

or liver toxicity in healthy mice. These results suggest that this

kind of linker could provide excellent in vivo stability and release

a traceless payload in normal tissues [112].

A phenol-containing compound is an effective agent for mask-

ing and subsequent cleavage upon activation. Various methods

have been developed to utilize the phenolic group in generating

self-immolative units, including the use of carbonate, carbamate,

and ether linkages [113]. Wei et al. developed Ate-PPS-CA4, utiliz-

ing a phenoxysilyl linker (Fig. 4B), Atezolizumab as the targeting

ligand, and CA4, a microtubule depolymerizer, as the payload. In

vitro experiments have demonstrated that Ate-PPS-CA4 effectively

targets PD-L1-positive cells and delivers the active payload, CA4,

through self-cleavage [114]. The application of the phenolic linker

provides a foundation for designing the next generation of ADCs,

warranting further research.

4.1.3. New payloads in ADCs

The endogenous free radical nitric oxide (NO) is one of the

smallest and most ubiquitous signaling molecules involved in

many physiological processes. It plays a dual role in tumors: high

concentrations inhibit tumor growth, while optimal concentrations

promote tumor growth. Identifying an effective NO donor that can

deliver therapeutic amounts at the target site with minimal side

effects is crucial [115]. Sun et al. reported a new NO- donor, HL-

2, which is covalently linked to G7mAb via a disulfide bond. This

conjugate target human CD24, highly expressed in solid tumors.

At high GSH concentrations, cleavage is triggered and NO is re-

leased (HN-01) [116]. The results of in vivo and in vitro experi-

ments indicated that HN-01 retained its specific binding ability and

showed more potent antitumor activity in vivo than either compo-

nent, G7mAb, or HL-2, offering a promising new strategy for treat-

ing CD24+ malignancies.

4.1.4. New applications of ADCs

The treatment of bacterial infections poses numerous chal-

lenges. As one of the most promising tools in biomedical sciences,

ADCs also hold promise for addressing bacterial infections and au-

toimmune diseases. Johnson et al. developed an ADC by fusing an

antimicrobial peptide to the C-terminal end of the VH and/or VL-

chain of a monoclonal antibody, VSX, targeting the lipopolysaccha-

ride core of Pseudomonas aeruginosa. This ADC, VSX-AMP, demon-

strated specific bactericidal activity against P. aeruginosa with min-

imal non-specific cytotoxicity to mammalian cells in vitro and in

vivo. Tvilum et al. developed a mitomycin C ADC to treat implant-

associated biofilm infections caused by Staphylococcus aureus. Us-

ing a disulfide bond linker, they conjugated the S. aureus antibody

to mitomycin C. This novel mechanism allows drug release without

cellular entry, possibly interacting with mercaptan on the bacterial

surface. The ADC showed good antibacterial activity in vitro and in

vivo in an osteomyelitis model [117,118].

Glucocorticoids (GCs) are widely used to treat autoimmune

and inflammatory diseases. However, systemic administration of

GCs causes side effects. Budesonide is a potent GC with low

oral bioavailability and extensive first-pass liver metabolism. One

promising strategy to reduce its toxic side effects is to use it in

targeted therapies. Han et al. modified budesonide and conjugated

it to anti-prolactin receptor (PRLR) antibody using site-specific car-

bamate bonds and cathepsin-cleavable linkers. This anti-PRLR an-

tibody rapidly internalizes into PRLR-expressing cells, delivering

the ADC payload effectively. In vitro experiments demonstrated the

safety and absence of cardiotoxicity of the modified drug. Addi-

tionally, the anti-inflammatory efficacy of the drug was superior to

that of the parent drug in a mouse model [119]. When used in a
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targeted manner to deliver GC to cells of interest, it can achieve its

biological effects in a targeted manner and reduce the side effects

caused by systemic administration. Thus, the development of novel

GC-ADCs for the treatment of inflammatory and autoimmune dis-

eases is a promising therapeutic strategy.

4.1.5. New technology in ADCs

The advancement of ADCs is heavily influenced by evolving

coupling technologies that ensure the production of drugs with

stable DAR. However, creating homogeneous ADCs with high DAR

while avoiding increased hydrophobicity and aggregation remains

a challenge. McPherson et al. designed and synthesized a modu-

lar platform capable of producing homogeneous, stable, high DAR

ADCs. This system includes: (1) A maleimide-based "multi-arm

linker" for drug attachment; (2) a scFv-Fc antibody; and (3) a

6-mer peptide with a Zn2+-binding cysteine that activates the

maleimide reaction without forming unwanted disulfide bonds. Us-

ing this technology, they developed a novel ADC, TE-1146, incor-

porating lenalidomide molecules as the payload and reconfigured

daratumumab as the targeting ligand capable of targeting CD38. In

vitro experiments confirmed that it remained intact in the plasma

and effectively entered MM cells to release the payload. Simultane-

ously, it had a stronger cell-killing effect than the other controls. In

vivo experiments showed significant tumor volume reduction and

notable tumor-inhibiting effects [73]. In addition, numerous studies

on PDCS technologies have been conducted (Table S4 in Supporting

information).

4.2. New designs in PDCs

4.2.1. New targeting ligands in PDCs

Although paclitaxel (PTX) is one of the most commonly used

natural antitumor drugs in clinical practice, it causes many adverse

effects, including arthralgia, myalgia, and myelosuppression. Ma-

trix metalloproteinases (MMP-2), which can recognize and cleave

peptides with specific sequences, have emerged as key targets for

controlled drug release [120–122]. Tang et al. developed SynB3-

PVGLIG-PTX (Fig. 5A), where the MMP-2-sensitive linker PVGLIG is

combined with CPPs to form a dual-functional peptide with blood-

brain barrier (BBB) permeability [122]. In vitro studies showed that

SynB3-PVGLIG-PTX specifically inhibited the proliferation, migra-

tion, and invasion of GBM cells in vitro in the presence of MMP-

2. Further in vivo investigations showed that SynB3-PVGLIG-PTX

readily entered the brain of U87MG xenograft nude mice and

achieved a better suppressive effect on GBM through the con-

trolled release of PTX from SynB3-PVGLIG-PTX compared to PTX

and temozolomide (Figs. 5B–H). SynB3-PVGLIG-PTX, with its speci-

ficity and permeability across the BBB, can serve as an innovative

drug delivery system for GBM treatment [123]. Similar to PTX, Do-

cetaxel (DTX) is a chemotherapeutic agent used as first-line treat-

ment for various malignancies. However, the limited solubility of

DTX hampers its efficacy and leads to significant excipient-related

toxicity [124,125]. To address this, Li et al. designed a peptide

drug conjugate (CTCE-DTX) by coupling two functional molecular

(CXCR4) antagonist peptides with the chemotherapeutic agent DTX

through a flexible linker [126]. CTCE-DTX can self-assemble into

nanoparticles (CTCE-DTX NPs) in water, thus improving their sol-

ubility. In vivo and in vitro data suggested that free DTX prepara-

tions may cause severe systemic toxicity, including red blood cell

hemolysis and weight loss, decreased white blood cell count, and

liver function impairment. CTCE-DTX NPs, however, improved tox-

icity profiles and reduced metastasis risk by blocking the CXCR4

pathway.

Although 4–1BB is an important target for tumor immunother-

apy, its application is limited because of its dose-dependent

liver toxicity. Hinner et al. developed RPS-343, a bispecific anti-

CD137/anti-HER2 protein combining an engineered IgG4 variant of

trastuzumab and anticalin. Its activity was characterized using in

vitro experiments and humanized mouse models. Safety was as-

sessed using in vitro human cells and cyborg monkey toxicity as-

says. The results showed that the bispecific binding of HER2 and

4–1BB promoted tumor targeting by T cells, whereas PRS-343 was

well-tolerated without significant toxicity. Compared to monospe-

cific methods, it has a higher level of efficacy and lower level of

peripheral toxicity [127].

4.2.2. New developments in PDC technology

As a clinical broad-spectrum antitumor drug, the application of

DOX is limited by its potential cardiotoxicity. Therefore, there is an

urgent need to enhance its targeting to reduce its cardiotoxicity. To

address this, Zeng et al. designed a novel type of PDC supramolec-

ular self-assembled nanofiber: baicalin-FFYEEG-ARVYIHPF and BA-

NFs. The ARVYIHPF peptide targets AT1R as a ligand. As a payload,

baicalin (BA) inhibits iron death, and the phenylalanine tyrosine

(FFY) motif not only acts as a linker, but also has self-assembly

power. Both in vitro and in vivo experiments confirmed that BA-

NFs have good targeting properties and can inhibit cardiomyocyte

apoptosis and improve DOX-induced myocardial injury via the iron

death pathway [128]. Recent advancements in SMDCs research are

outlined in Table S5 (Supporting information).

4.3. New designs in SMDCs

4.3.1. New targeting ligands in SMDCs

Fibroblast activating protein (FAP), highly expressed in most

malignant solid tumors, is a promising target for drug develop-

ment. Bocci et al. introduced OncoFAP-SMDCs using MMAE and ex-

atecan as payloads to create OncoFAP-GlyPro-MMAE and OncoFAP-

GlyPro-Exatecan. The glycine-proline dipeptide moiety acts as a

FAP-sensitive linker that is rapidly and specifically cleaved in the

TME. In vivo and in vitro experiments have shown these SMDCs

achieve more effective tumor cell killing and high targeted deliv-

ery performance at optimal release doses [129].

4.3.2. New linkers in SMDCs

VCit dipeptide linkers are widely used in drug conjugates; how-

ever, the instability of VCit linkers leads to the premature re-

lease of cytotoxic loads into the systemic circulation. Stability can

be optimized by considering the linker and targeting ligand. To

improve stability, Amin et al. developed trifunctional molecules

(TFMs) by adding an extra arm containing the hydrophilic thyroid

transthyroid hormone (TTR)-binding ligand AG10 to a typical bi-

functional SMDC, replacing the VCit dipeptide linker with the glu-

tamic acid-valine-citrulline (EVCit) tripeptide linker [130,131]. The

results showed that EVCit-TFM (TFM with the EVCit linker) had

a higher plasma stability and was more sensitive to cathepsin B

than VCit as a linker, leading to improved efficacy due to its ex-

tended half-life. The introduction of hydrophilic glutamic acid into

the linker enhanced serum stability without affecting the linker’s

cleavage by cathepsin B. Zheng et al. designed an SMDC-Fc scaf-

fold using MMAF as the payload. They added a single amino acid

X-linker to the C-terminal carboxyl group of MMAF as an enzyme-

cleavable linker for folate-targeting ligands. In vivo and in vitro

experimental results demonstrated that using X-linkers to attach

couplings led to significantly prolonged blood circulation and an-

titumor efficacy in xenografted mice with small or large advanced

KB tumors [132]. Continued research is advancing new methods in

ApDCs development (Table S6 in Supporting information).
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Fig. 5. (A) Illustration of the chemical structure and mechanism of SynB 3-PVGLIG-PTX. (B) The effect of SynB3-PVGLIG-PTX on cell proliferation in different GBM cells using

the MTS assay. (C) In vivo bioluminescence images of the intracranial glioma xenograft nude mice. (D) Bioluminescent images of different organs. (E) MMP-2 expression was

efficiently down-regulated by transfecting MMP-2 siRNA in U87MG. (F) The weights of mice. (G) The bioluminescence quantification results on days 7, 14, 21, and 28 after

implantation. (H) The concentration-time profiles of PTX in different brain tissues. Copied with permission [123]. Copyright 2020, Wiley-VCH GmbH.

4.4. New targeting ligands in APDCS

4.4.1. Functionalized targeting ligands

Photodynamic therapy (PDT) has gained prominence for its

minimal trauma, rapid recovery, and low side effects in cancer

treatment. PDT relies on the interaction of light, photosensitizers,

and oxygen to induce apoptosis through the production of sin-

glet and active oxygen. However, the utility of singlet oxygen is

limited owing to its short lifetime and diffusion range. Therefore,

Yang et al. designed a circular aptamer-polyethylene glycol (PEG)

structure capable of responding to the acidic TME, designed to se-

lectively recognize cancer cells. This structure was coupled with

pyrochlorophyll A (PA), a potent photosensitizer, to form PA-Apt

ApDCs [133,134]. These conjugates penetrate solid tumors and en-

able selective bioimaging and PDT in vivo [135,136]. The PA-Apt-

ApDCs, with two terminal amino groups, were coupled with alde-

hyde groups at both terminals via Schiff base formation to form

PA-Apt-CHO-PEG. At physiological pH 7.4, PA-Apt-CHO-PEG main-

tains its colloidal stability, prevents normal cell absorption, and

prolongs blood circulation. However, upon entry into the TME at

pH 6.5, the Schiff base linkage between the aptamer and PEG

is rapidly cleaved, allowing the conjugate to penetrate the dense

extracellular matrix and target cancer cells effectively [137,138].

In vitro and in vivo experiments showed that PA-Apt-CHO-PEG

nanostructures are efficient PDT agents with dramatic tumor in-

hibitory efficacy. Compared to traditional ApDCs, PA-Apt-CHO-PEG

offers prolonged blood circulation and stealth-like behavior due

to the conjugated PEG, which helps avoid non-specific recognition

[139].

4.4.2. Multilevel responsive targeting ligands in APDCS

Traditional ApDCs are single-responsive, meaning that they re-

spond only to a single signal molecule, such as pH or GSH. There-

fore, the stability and targeting ability may be improved by in-

troducing a multilevel-responsive targeting ligand. For example,

free radicals are substances produced by the human metabolism

that have a high degree of chemical activity, serving as an ef-

fective defense system in the body. However, excessive free rad-

icals can cause irreversible oxidative damage and cell death. By

carefully balancing free radical concentrations, it is possible to

achieve therapeutic effects without causing cellular harm. Xuan

et al. introduced biorthogonal chemistry and prodrug design to

create novel ApDC micelles capable of dual TME targeting. The

engineered ApDC micelles consist of three components: an ap-

tamer as the tumor-recognizing moiety, Fe2+-activatable tetraox-

ane (“T”) as the free-radical prodrug, and hemin as the TME-

responsive Fe2+ source for in situ activation of “T”. A single pro-

drug base can act as a hydrophobic tail to trigger the self-assembly

of aptamers into a rigid multicomponent supramolecular struc-

ture, thereby improving the drug-loading capacity and minimizing

unwanted drug leakage [140,141]. ApDC micelles are inactive un-

der physiological conditions but trigger cascading orthogonal re-

sponses upon receptor-mediated uptake by cancer cells. The loaded

Fe3+ is reduced to Fe2+ via intracellular GSH, triggering “T” acti-

vation that directly releases toxic C-based free radicals. This pro-

cess does not rely on tumor acidity or H2O2 levels. “T” is attached

to the 5′ end of a DNA aptamer (AS1411), with six G bases serv-

ing as a linker to form ApDCs (Ap-6G-“T”). The incorporation of

intermolecular G-quadruplexes helps minimize nonspecific mem-
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brane insertion caused by serum albumin disruption [142–144].

The results showed that ApDC micelles could specifically recog-

nize cancer cells via receptor-mediated targeting, with enhanced

cellular uptake compared to non-targeted micelles. After endocyto-

sis, ApDC micelles can produce toxic radicals more efficiently than

non-targeted micelles, contributing to significant oxidative damage

in cancer cells and enhanced antiproliferative effects.

The synthesis of these ApDCs using phosphoramidite chem-

istry allows for precise control over conjugation site and prodrug

base density, facilitating scalable production and potential clini-

cal translation. With these advantages, we believe that combined

bioorthogonal chemistry and prodrug design can be extended to

other aptamers to create an arsenal of advanced ApDCs and pro-

vide new insights into free-radical-related molecular mechanisms

[145].

4.4.3. New payloads in APDCS

Triptolide (TP), the active ingredient of triptolide, not only ex-

erts anti-tumor activity in immune diseases but also produces a

synergistic effect with chemotherapeutic drugs to enhance its ther-

apeutic effect. However, the clinical application of TP is severely

limited owing to its high toxicity, poor solubility, and low bioavail-

ability [146]. Miao et al. reported an AS1411–triptolide conjugate

(ATC) that greatly reduced the toxicity of TP. Experiments on serum

stability, targeting, and in vivo anti-tumor activity revealed that

ATC specifically targets the MDA-MB-231 cell line, both in vitro

and in vivo. Introduction of the aptamer significantly enhanced the

in vivo anti-tumor activity of triptolide in the treatment of TNBC.

In contrast, free triptolide shows minimal tumor inhibition at the

same dosage [147]. This advancement marks a significant develop-

ment in RDC research (Table S7 in Supporting information).

4.5. New designs in RDCs

4.5.1. Application of new targets in RDCs

The treatment of mCRPC is challenging due to the disease’s het-

erogeneity and the presence of multiple anti-apoptotic pathways.

Radiopharmaceuticals offer promising new avenues for cancer di-

agnosis and treatment. Therefore, the introduction of radioactive

elements may be the most promising avenue for treating mCRPC.

Bidka et al. designed and synthesized 225Ac-DOTA-YS5 (Fig. 6A),

which targets CD46 and maintains a high level of expression in

prostate cancer across differentiation patterns. A biodistribution

study showed that 225Ac-DOTA-YS5 delivered higher levels of ra-

diation to tumor tissues than to healthy organs (Fig. 6B) [148,149].

Moreover, 225Ac-DOTA-YS5 suppressed tumor size and prolonged

survival in cell- and patient-derived xenograft models (Figs. 6C–F).

Overall, this preclinical study confirmed that 225Ac-DOTA-YS5 is a

highly effective treatment, supporting the clinical development of

CD46-targeted radioligand therapy for prostate cancer [150].

The high molecular weight of mAbs makes passive transport

across the BBB difficult, limiting the use of ADCs in the brain. In-

tracranial uptake can be enhanced using receptor-mediated endo-

cytosis (RMT) by attaching a “molecular trojan horse”. Compared

to other radionuclides, 89Zr is more widely used in clinical prac-

tice, has better physical properties for positron emission tomogra-

phy (PET) imaging, and is more suitable for coupling. Wuensche et

al. reported that imaging of the specific brain uptake of the bispe-

cific aducanumab brain shuttle antibody Adu-8D3 in APP/PS1 TG

mice with 89Zr was possible when using the chelator desferriox-

amine analogues (DFO∗). The brain uptake and targeting efficacy

of radiolabeled Adu-8D3 in APP/PS1 TG mice in vivo and in vitro

using the bispecific anti-HIV-monoclonal antibody mAbB12-scFab

and wild-type animals as controls were evaluated using PET imag-

Fig. 6. (A) Schematic diagram of 225Ac-DOTA-YS5 structure. (B) The distribution of 225Ac-DOTA-YS5 in organs collected from day 1 to day 17. (C) Cell-associated molecules

of 225Ac-DOTA-YS5 in 22Rv1 and DU145 cells after the treatment for different timepoints. (D) MTT assay showing dose-dependent reduction of cell viability. (E) Liver and

kidney function tests results showing increase in creatinine, blood urea nitrogen, and alkaline phosphatase. (F) iQID camera digital autoradiographic imaging for distribution

of the225Ac-DOTA-YS5 in 22Rv1 xenograft tumor and healthy tissues studied from day 1 to day 7 after injections. Copied with permission [150]. Copyright 2023, American

Association for Cancer Research.
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ing [151]. The findings suggest that 89Zr-based immuno-PET holds

promise for future neurological applications due to its availability,

cost-effectiveness, and superior imaging quality [152,153].

4.5.2. Dual-payload applications in RDCs

Most RDCs often serve a single purpose: Either diagnostic imag-

ing or therapeutic intervention. However, combining radionuclides

with a payload that has both diagnostic and therapeutic capabili-

ties can enhance efficacy and provide a synergistic effect. For in-

stance, 89Zr-DFO-α CD11b has demonstrated high tumor uptake

and can be used to display tumor-associated myeloid cells (TAMCs)

in situ genetic mouse gliomas via preclinical immune-PET imag-

ing [154,155]. However, these drugs lack the cytotoxicity required

for radiopharmaceutical therapy (TRT). To address this, Foster et

al. developed Lumi804, a macrocyclic bifunctional chelator that

binds to both 89Zr and 177Lu radionuclides, and conjugated it with

anti-CD11B antibodies to form LUMI804-ACD11B. The study found

that 89Zr/177Lu-labeled Lumi804-aCD11b effectively enables non-

invasive imaging of TAMCs in mouse gliomas, reduces TAMC num-

bers in the spleen and tumor, and improves the efficacy of check-

point immunotherapy. Therefore, it holds promise as a therapeutic

combination for monitoring and reducing TAMCs in gliomas, po-

tentially improving immunotherapy outcomes [154,156].

5. Conclusions and future perspectives

The development of advanced drug delivery systems for can-

cer treatment has led to the emergence of drug conjugates as a

promising strategy for precise cancer treatment, effectively reduc-

ing potential toxicity and enhancing therapeutic efficacy. This re-

view focuses on five distinct classes of targeted molecules and

payloads, evaluates the advantages and disadvantages of the two

linker types, and provides a concise overview of recent advance-

ments in coupled drug therapy over the past 5 years. Despite a

limited number of approved drug conjugates, notable improve-

ments in design have been achieved.

Currently, ADCs remain the most popular avenue for drug con-

jugation, with the largest number of drug conjugates in the mar-

ket entering clinical trials. Various targeting ligands such as pep-

tides, small molecules, and nucleic acid aptamers have been de-

veloped to address the challenges and limitations associated with

ADCs in clinical applications. However, some common unresolved

problems remain, including drug resistance and off-target toxicity.

To enhance targeting ligands, modifications are made to improve

specificity and affinity. These include introducing small side-chain

structures, utilizing dual-targeting molecules for precise localiza-

tion, and shielding the Fab domain with peptide masks that are

easily cleaved by tumor-overexpressing proteases. Ongoing efforts

also focus on discovering new targets that are either highly ex-

pressed in tumors or absent in normal tissues. From the linker

perspective, new linkers are continually being developed, while

existing ones are adjusted in terms of chemical length, composi-

tion, and rotational freedom to reduce off-target effects and cy-

totoxicity from paracellular effects. The emphasis is on achieving

controlled payload release independent of endogenous enzyme-

mediated cleavage and optimizing coupling techniques. Addressing

drug resistance involves the discovery of novel payloads, employ-

ing low-efflux or bi-isotopic payloads, and using radionuclides for

targeted killing. Additionally, future research is focusing on devel-

oping molecules that can serve as both targeting agents and pay-

loads.

Overall, the multifunctionality of targeted molecules, along with

the exploration of new ligands and cytotoxic payloads, positions

drug conjugates at the frontier of next-generation treatments for

various diseases. A systematic evaluation of each component of the

coupled drugs and an in-depth exploration of their mechanisms

of action and resistance will provide important insights into the

mechanistic basis of drug conjugate design and provide an oppor-

tunity to better understand the impact of changes in drug conju-

gate characteristics on therapeutic activity and safety. Drug con-

jugates show great promise for controlling or eliminating tumors

and may offer new therapeutic options for clinical management in

the future. It is anticipated that new efficient drug conjugates will

continue to emerge in the future to play a more important role in

combating tumors and other diseases.
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