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Abstract 

Antibody-drug conjugates (ADCs) enable the precise delivery of cytotoxic agents 

by conjugating small-molecule drugs with monoclonal antibodies (mAbs). Over 

recent decades, ADCs have demonstrated substantial clinical efficacy. However, 

conventional ADCs often encounter various clinical challenges, including suboptimal 

efficacy, significant adverse effects, and the development of drug resistance, limiting 

their broader clinical application. Encouragingly, a next-generation approach—dual-

payload ADCs—has emerged as a pioneering strategy to address these challenges. 

Dual-payload ADCs are characterized by the incorporation of two distinct therapeutic 

payloads on the same antibody, enhancing treatment efficacy by promoting 

synergistic effects and reducing the risk of drug resistance. However, the synthesis of 

dual-payload ADCs is complex due to the presence of multiple functional groups on 

antibodies. In this review, we comprehensively summarize the construction strategies 

for dual-payload ADCs, ranging from the design of ADC components to orthogonal 

chemistry. The subsequent sections explore current challenges and propose 

prospective strategies, highlighting recent advancements in dual-payload ADC 

research, thereby laying the foundation for the development of next-generation ADCs.  

Keywords 

Dual payload; Antibody drug conjugates; Bioconjugate; Branched linker; Drug 

resistance; Combined therapy 
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1. Introduction 

Antibody-drug conjugates (ADCs) represent the rapidly advancing frontier of 

oncological therapeutics. These agents are characterized by tumor-targeting 

monoclonal antibodies conjugated to cytotoxic payloads via precisely engineered 

chemical linkers, enabling both targeted delivery and potent drug efficacy [1]. ADCs 

offer several advantages over conventional chemotherapeutic agents, including 

enhanced chemotherapeutic efficacy, lower minimum effective doses, higher 

maximum tolerated doses, and reduced systemic exposure and toxicity  [2]. To date, 

13 ADCs have received marketing approval by from the FDA, with hundreds more 

undergoing clinical evaluation [3]. Economic analyses highlight the rapid growth of 

the global ADC market, which is projected to reach $11.29 billion in 2023 and grow 

at a compound annual growth rate of 9.2% between 2024 and 2030 [4]. This emerging 

drug modality, often referred to as "biological missiles," signals a new era in targeted 

cancer therapy. 

Despite the significant expansion of therapeutic options facilitated by ADCs, 

several challenges persist. One major issue is the limited penetration of antibodies 

into tumor tissues, which restricts drug delivery and results in suboptimal efficacy [5]. 

Additionally, the enrichment of drug-resistant cancer cell populations under 

therapeutic pressure remains a significant obstacle in conventional ADC therapies. 

Reliance on a single therapeutic agent creates selective pressure, allowing insensitive 

tumor cells to survive and proliferate, leading to acquired resistance within tumor 

tissues [6]. This underscores why many effective small-molecule-based 

chemotherapeutic regimens involve the co-delivery of two or more complementary 

drugs with distinct mechanisms of action. These combination therapies have 

demonstrated some success in reducing drug resistance and improving antitumor 

efficacy [7,8]. However, research on combination therapies involving ADCs remains 

limited, with constrained success due to challenges such as overlapping toxicities and 

pharmacokinetic differences [9]. Moreover, co-administering two single-agent ADCs 

targeting the same antigen may lead to binding competition, reducing the delivery 
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efficiency of each payload and ultimately compromising therapeutic efficacy [10]. To 

address these challenges, employing a single antibody to deliver multiple payloads is 

expected to enhance tumor accessibility and overcome resistance issues associated 

with single-agent ADCs [11]. 

In recent years, dual-payload ADCs have emerged as a promising approach, 

representing the next generation of ADCs. These ADCs are defined by the 

simultaneous incorporation of two distinct payloads with different mechanisms of 

action. By adjusting the combination of cytotoxic agents and modulating the drug-

antibody ratio (DAR), this approach holds the potential to significantly reduce drug 

resistance, mitigate toxic side effects, and enhance antitumor efficacy [11,12]. 

Moreover, dual-payload ADCs demonstrate more pronounced therapeutic effects and 

provide superior survival benefits compared to the co-administration of the two 

individual drugs [10]. Currently, several dual-payload ADCs are undergoing 

preclinical trials, exhibiting enhanced pharmacological efficacy in cellular and animal 

models. However, their validation through clinical trials remains critical. Deviations 

from expected results are common, such as inadequate payload synergy and 

overlapping toxicity, which can hinder clinical performance. This underscores that 

designing dual-payload ADCs involves more than simply combining two ADCs; it 

requires comprehensive coordination and optimization of linkers, payloads, and 

antibodies. In this review, we first summarize the design strategies for linkers, 

payloads, and antibodies, then focus on the current chemical toolbox for site-specific 

conjugation and antibody modification. We also discuss how these strategies combine 

to generate dual-payload ADCs, with illustrative examples highlighting their 

efficiency. Finally, we outline the latest advancements and analyze the prevailing 

challenges in the development of dual-payload ADCs. This review systematically 

elucidates the technical concepts and construction strategies, aiming to advance the 

future clinical application of dual-payload ADCs. 

2. Construction strategies of dual-payload ADCs 

An ADC is composed of an antibody, a linker, and a cytotoxic payload. Ideally, 
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an ADC should reach its target without releasing off-target payloads and possess 

sufficient potency to destroy cancer cells without harming healthy cells. Numerous 

studies indicate that the efficacy of ADCs depends on the complex interplay between 

the antibody, linker, payload, and the tumor microenvironment. Therefore, each 

component of an ADC must exhibit specific and precise attributes to ensure optimal 

effectiveness. 

Dual-payload ADCs, as the next generation of ADCs, are designed to use a 

humanized monoclonal antibody that binds to tumor-specific or tumor-associated 

antigens while simultaneously carrying two distinct anti-tumor payloads through 

cleavable or non-cleavable linkers. While the concept of dual-payload ADCs may 

seem straightforward, it involves much more than simply adding different payloads. 

Beyond the design principles of conventional ADCs, dual-payload ADCs present 

more complex requirements that must be carefully considered (Fig. 1). 
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Fig. 1 Desired characteristics of the components of dual-payload ADCs. Each 

component (the linker, payload, target, and antibody) has a significant impact on the 

properties of the ADC. 

2.1  Design strategies of components of dual-payload ADCs 

2.1.1 Selection strategies of targets and antibodies 

ADC relies on target antigens and antibodies to recognize cancer cells from 

normal cells. Therefore, the initial step in the development of a dual-payload ADC is 

the selection of an appropriate target antigen. As with convention ADCs, to mitigate 

off-target toxicity and attain an acceptable therapeutic index, the target antigen should 

ideally exhibit elevated expression levels within the tumor milieu. And it should 

demonstrate minimal to no expression in normal tissues, or restricted expression to 
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specific tissue types at the very least. Furthermore, it is imperative that the target 

antigen is accessible on the cell surface, thereby facilitating the binding of circulating 

monoclonal antibodies. Preferably, the target antigen should also undergo 

internalization, as non-internalized ADCs may engender significant toxicity in certain 

scenarios [13]. And it is better to minimize the shedding of desirable antigens to 

prevent the sequestration of free antigens by circulating antibodies, thereby affecting 

the efficacy of the drug [14]. 

Consistent with the principles of target selection for traditional ADCs, currently 

validated targets certainly remain viable options for dual-payload ADCs, such as 

HER2, Trop2, and CD30. Nevertheless, there is more to be considered between the 

target of the dual-payload ADC and the selected payload combination. It is crucial to 

ascertain the expressivity of the target antigen and the sensitivity of the cell groups to 

the chosen drug combinations. This allows for a balance between potency of the drugs 

and antigenic density of the target, thereby achieving optimal efficacy and safety.  

In regard to antibodies, it is essential that they demonstrate an adequate level of 

affinity and specificity towards the target antigens, in accordance with the 

fundamental requirements of conventional ADCs. Additionally, their pharmacokinetic 

attributes should remain uncompromised upon conjugation to payloads [11]. 

Furthermore, the selected antibodies ought to demonstrate low immunogenicity, 

appropriate plasma clearance, and swift internalization capabilities, among other 

essential requisites [15]. The antibodies employed in extant dual-payload ADC studies 

remain rooted in those utilized for conventional ADCs, predominantly IgG antibodies, 

encompassing the four isoforms IgG1, IgG2, IgG3, and IgG4. In addition, the 

integration of novel antibody backbones and target selections is anticipated to broaden 

the landscape of dual-payload ADCs. Alternative antibody fragments, such as Fab, 

scFv, VHH, and others, has demonstrated considerable promise [16,17]. Their 

diminutive molecular sizes can notably enhance tumor penetration and 

pharmacokinetics, mitigating concerns associated with the larger volumes of mAbs 

that may impede drug delivery [18]. Furthermore, considering potential safety 
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concerns associated with dual-payload ADCs, it is imperative to implement a non-

specific antibody detection strategy to mitigate the risk of off-targeting. 

2.1.2 Selection strategies of linkers 

The linker in ADC represents a pivotal connection between the antibody and 

cytotoxic payloads, orchestrating the release of the payload and ensuring the stability 

of the drug. Linkers intended for dual-payload ADCs must still adhere to the 

fundamental principles of balancing plasma stability with precise and efficient 

cleavage, while also featuring appropriate conjugation sites akin to conventional 

ADCs [19–21]. As the core of dual-payload ADCs, the conjugation of dual drugs 

poses significant challenges for linker design. Therefore, innovative linker design 

strategies are imperative to address these complexities.  

Depending on the chosen conjugation strategy, dual-payload ADCs may employ 

either a traditional linear linker or a branching linker equipped with orthogonal 

reaction handles (Fig. 2) :(i) Dual-site conjugation entails the utilization of two 

reaction sites for the conjugation of separate payloads during assembly [22]. This 

approach necessitates a sophisticated amalgamation of various conjugation 

technologies, which will be expounded upon later in this review. (ii) Single-site 

conjugation involves the use of a single reaction site, typically an exposed cysteine or 

disulfide bond, to introduce a multifunctional linker [23]. Single-site conjugation 

streamlines the selection of the appropriate conjugation region, mitigating the 

potential for interference phenomena that could impede target binding [24]. This 

method is applicable to a diverse array of antibodies and obviates the need for 

intricate recombinant technologies to achieve site-selective conjugation [11]. 

Moreover, it facilitates an increase in the DAR with minimal chemical or enzymatic 

modifications to the antibody structure, thereby enabling efficient and precise ADC 

construction [25]. 
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Fig. 2 Two different approaches for dual conjugation of dual-payload ADCs, single-

site and dual-site.  

Reducing hydrophobicity represents a critical consideration in dual-payload 

ADCs to optimize their pharmacokinetic profile and therapeutic index. Notably, dual-

payload ADCs are readily capable of achieving high DAR. While ADCs with higher 

DARs are more potent in vitro, antibodies are subject to expedited clearance from 

plasma, thereby diminishing in vivo exposure and efficacy [26,27]. Research indicates 

that plasma clearance is positively correlated with the hydrophobicity of ADC. 

Consequently, the issue can be addressed through the design of hydrophilic linkers 

[28]. And it has been demonstrated that achieving higher DARs through hydrophilic 

linker design does not compromise normal pharmacokinetic properties [29]. 

Furthermore, the reduction of hydrophobicity is of particular significance in single-

site conjugation. Single-site conjugation is inherently limited by the proximity of 

payloads, which are typically highly hydrophobic. This results in a concentrated 

region of hydrophobicity on the ADC, with the potential for non-covalent stacking 

interactions between adjacent payloads. This phenomenon leads to increased 

aggregation, which in turn affects ADC clearance, and ultimately efficacy and 

safety.[30] 

Nevertheless, most payloads necessitate hydrophobic molecules to sustain 

efficacy, prompting the consideration of hydrophobicity masking as an alternative 

approach to payload modification [31]. This entails the incorporation of hydrophilic 

modifiers such as polyethylene glycol (PEG) and polysarcosine (pSar) to conceal the 
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intrinsic hydrophobicity of payloads [32–34]. These strategies mitigate nonspecific 

clearance of high-DAR ADCs, yielding dual-payload ADCs with elevated DARs and 

commendable in vivo performance. However, this does not apply in all cases. The 

introduction of bulky coiled PEG chains also reduces the efficiency of conjugation, 

which may limit the localization of linkers to solvent-exposed sites [35].  

The choice between cleavable and non-cleavable linkers is a critical 

consideration in dual-payload ADC design. Cleavable linkers rely on intracellular 

processes for toxin release, such as cytoplasmic reduction, exposure to acidic 

lysosomal conditions, or protease cleavage [36]. However, there is a risk of premature 

breakdown in circulation, which can lead to off-target toxicity and exacerbate safety 

concerns due to the presence of multiple payloads in dual-payload ADCs [13]. Recent 

studies, however, have demonstrated the stability of certain cleavable linkers, such as 

the Val-Cit linker, in circulation, addressing concerns about premature payload release 

[37]. From a pharmacokinetic standpoint, cleavable linker ADCs are rapidly 

processed and transported into early endosomes upon uptake. In contrast, non-

cleavable linker ADCs require further lysosomal processing for payload release, and 

alterations in lysosomal delivery in drug-resistant cells may pose challenges for these 

linkers [38]. Moreover, non-cleavable linkers have been associated with reduced 

efficacy for certain payloads, such as doxorubicin, monomethyl auristatin E (MMAE), 

and pyrrolobenzodiazepine (PBD) [39,40]. However, this can be mitigated by 

optimizing linker design and payload structure [41]. The choice of linker type is 

intricately linked to target selection, payload choice, antibody properties, and the 

tumor microenvironment, highlighting the need for a holistic approach in dual-

payload ADC design to balance efficacy, toxicity, and drug resistance [42,43]. 

2.1.3 Selection strategies of payloads 

Cytotoxic payloads are crucial in determining both the antitumor efficacy and 

potential adverse reactions of ADCs. When selecting payloads for conventional ADCs, 

it is essential to carefully evaluate whether they meet key criteria, including a clear 

pharmacological mechanism, an effective mode of action, potent tumor cytotoxicity, 
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high selectivity, robust stability, low immunogenicity, and appropriate hydrophilicity. 

[44,45].  

In addition to meeting the previously mentioned criteria, dual-payload ADCs 

require the integration of efficient, additive, or synergistic drug combinations to 

reduce the necessary payload dose for achieving effective cell death [12]. For example, 

MMAE, known for its cell permeability and bystander activity, is released from the 

mc-vc-MMAE drug linker. However, MMAE is subject to efflux by multidrug 

resistance (MDR) exporters and shows reduced activity in cells with elevated pump 

expression. In contrast, monomethyl auristatin F (MMAF) and cys-mcMMAF, 

released from mc-vc-MMAF and mc-MMAF ADCs, exhibit reduced susceptibility to 

drug efflux and maintain efficacy in MDR (+) cells. However, they suffer from 

limited cellular permeability and lack bystander activity. Thus, the complementary 

properties of these two drugs may enhance cytotoxic effects in cancer cells when 

incorporated into dual-payload ADCs [11].  

Furthermore, it is imperative to evaluate the potential toxicity of payload 

combinations. Given that only approximately 2% of ADCs reach targeted tumor sites 

following intravenous administration [13], it is evident that high potency (IC50 in the 

nanomolar and picomolar range) is necessary for the compounds to be employed as 

payloads in ADC [46]. However, two payloads, due to their disparate mechanisms of 

action, biological activities and pharmacokinetic properties, have disparate effective 

doses and toxic doses. This can readily result in a situation where one payload has 

reached its toxic dose while the other has not yet reached its effective dose; or where 

one toxin has reached its effective dose while the other has exceeded its maximum 

tolerated dose. Therefore, it may be preferable to utilize appropriate combinations of 

proven toxic molecules, or combinations of payloads that are less effective as single 

agents but have a superior safety profile.  

Dual-payload ADCs featuring higher drug-to-antibody ratios (DARs) and 

cleavable linkers may elevate off-target toxicity rates [5]. Thus, in certain instances, a 

reduced drug load may be preferable, and consideration must be given to potential 
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overlapping toxicities between the two payload types during the design of dual-

payload ADCs. Examples include peripheral neuropathy induced by MMAE and 

DM1 derivatives, as well as ocular toxicity elicited by MMAF and DM4, among 

others [47]. Additionally, reducing the cellular permeability of both drugs can help 

alleviate their associated toxic bystander effects [48]. 

2.2  Conjugation and modification methods 

Drug conjugation can profoundly influence the pharmacokinetics of carrier 

molecules, potentially impeding in vivo target engagement [49]. Dual-payload ADCs, 

distinguished by their intricate structure in comparison to conventional ADCs, 

necessitate stringent criteria for homogeneity and circulation dissociation rate to 

mitigate off-target toxicity, augment delivery, and enhance efficacy and tolerability.  

Conventional stochastic conjugation techniques are simple and widely employed, 

but yield ADCs characterized by disparate binding sites and DARs, resulting in highly 

aggregated, heterogeneous formulations fraught with variable pharmacological 

attributes [50]. Such formulations are prone to impede antibody functionality and 

induce nonspecific toxicity, thereby affecting drug efficacy and safety [51]. 

Furthermore, they often exhibit elevated clearance rates, thereby complicating 

optimization procedure to minimize DAR discrepancies [25]. To surmount these 

challenges, site-selective conjugation strategies have emerged as pivotal approaches 

in dual-payload ADC construction, ensuring the attachment of a predetermined 

number of payload molecules to specific antibody sites. This approach ensures 

homogeneity and stability of drug during large-scale manufacturing [52]. 

Homogeneous ADCs synthesized through this methodology broaden robust and 

consistent pharmacokinetics compared to their heterogeneous counterparts, 

characterized by heightened affinity, diminished aggregation, and enhanced 

tolerability [51].  

Through site-selective conjugation, a reactive moiety can be selectively 

introduced at predetermined locations on the antibody surface via chemical 

modification or genetic engineering techniques, facilitating subsequent coupling to the 
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toxin molecule. The resultant ADCs exhibit homogeneity and stability, circumventing 

the pronounced heterogeneity inherent in traditional conjugation approaches and 

expanding the therapeutic window [53]. We summarize its available chemical toolbox 

commonly used here, as shown by Table 1. For a more detailed examination of site-

selective conjugation, we recommend consulting other comprehensive reviews on this 

subject [54–56]. 

One such advancement is engineered cysteine approach, which achieves site-

selective and homogeneous coupling by introducing cysteine at specific antibody sites. 

The choice of cysteine introduction site can profoundly influence the pharmacokinetic 

and toxicological properties of ADCs [57,58]. The conjugation of engineered cysteine 

residues with appropriate electrophilic reagents has been extensively investigated, 

with maleimide representing the most commonly employed reagents. However, with 

the growing recognition that cysteine-maleimide conjugates are prone to 

decomposition, the study of cysteine conjugation in recent years has yielded several 

novel linkers that have been used in the synthesis of ADCs. These include self-

hydrolysing maleimides [59], iodoacetamides [60], bromomaleimides [61], 

carbonylacrylic reagents [62] and others, to optimise the synthetic process and 

product stability. Similarly, selenocysteine-engineered approach operates on a 

comparable principle. Selenocysteine, structurally analogous to cysteine, possesses 

exceptional reactivity, enabling swift and efficient reactions under near-physiological 

conditions. The site-directed incorporation of selenocysteine can be achieved by 

employing the non-canonical amino acid approach [63]. 

The non-canonical amino acid (ncAAs) approach integrates diverse ncAAs into 

antibodies via genetic code expansion (GCE), thereby furnishing chemical handles for 

subsequent payload conjugation [64]. The incorporation of ncAAs offers great 

flexibility and precise control, however, there are still some problems with yield, 

stability, pharmacokinetics and immunogenicity [65]. Efficiently incorporating two or 

more different ncAAs into an antibody would facilitate the synthesis of more intricate 

conjugates. This necessitates distinct tRNA/aminoacyl-tRNA synthetase (aaRS) pairs, 
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each suppressing a distinct nonsense codon without cross-reacting [66]. To date, while 

several ncAAs have been incorporated [67,68], the utilization of multiple ncAAs to 

synthesize dual-payload ADCs remains relatively uncommon. 

Enzymatic methods are another site-selective conjugation approach that 

facilitating the conjugation of chemical substrates to specific amino acid sequences 

within incorporated proteins. Enzymes can either attach the payload directly to a 

specific site or introduce a reactive function on the antibody, thus further 

functionalizing the desired payload [69]. A variety of enzymes are suitable for 

selective coupling, with microbial transglutaminase (mTGase) commonly employed 

due to its characteristic site-specificity and optimal activity conditions aligning with 

those of antibodies [70]. And several enzymatic schemes have been devised to 

selectively modify the N- or C-terminal of the antibody chain, involving the use of 

formylglycine-generating enzyme (FGE) and sortases. This is typically achieved 

through genetic engineering of an enzyme-specific recognition tag [71,72]. 

And disulfide rebridging approach presents a versatile method for site-selective 

conjugation, achievable without necessitating genetic modifications by leveraging 

natural interchain disulfide bonds in an IgG1 antibody, allowing for the introduction 

of biorthogonal functionalities into an antibody [73]. The covalent reconnection of 

cysteine residues enables the controlled loading of a single drug per disulfide bond, 

while maintaining the stability of the disulfide bridge. This modification is distal to 

the antigen-binding or Fc region, thus the antibody's biological activity is less 

susceptible to impairment [74]. This method mandates the design of appropriate 

linkers harboring bisulfhydryl reactive groups, such as bissulfone  reagents [75], next 

generation maleimides (NGMs) [76], pyridazinediones (PDs) [77], and 

divinylpyrimidine (DVP) [78]. 

Moreover, glycan antibody modification approach exploits the inherent N-

glycosylation site N-297 in the CH2 region of IgG heavy chains. Situated distally 

from the antigen-binding region, this site remains unobtrusive to antigen binding and 

is conserved across antibody types, rendering the approach universally applicable. 
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Notably, this method obviates the need for genetic engineering modifications and 

capitalizes on natural antibody structures [79]. However, the method requires specific 

reagents, enzymes and enzyme mutants, and the products are limited in drug-carrying 

capacity. And the typical process requires multi-step glycoengineering with two or 

more enzymes, which restricts substrate diversification and increases the complexity 

of the preparation procedure [80]. 
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Table 1 Brief summary of site-selective conjugation approaches commonly used 
Conjugation approaches Examples of methods Benefits Limitations Representative product 

in clinical trials 

(ClinicalTrials.gov 

Identifiers) 

Engineered cysteine ① Maleimides 

② hydrolysing maleimides 

③ Iodoacetamides 

④ Bromomaleimides 

⑤ Carbonylacrylic reagents 

① Homogeneity 

② Tuneable reactivity 

③ Stability 

① Genetic engineering required 

② Typically limited to DAR 2 

NCT03386513; 

NCT04086264; 

NCT03698552; 

NCT03884517; 

Non-canonical amino acid ① P-acetylphenylalanine 

(pAcF) 

② Para-

azidomethylphenylalanine 

(pAMF) 

③ Spiro[2.4]hepta4,6-diene-

lysine (SCpHK) 

④ Cyclopentadiene-lysine 

(CpHK) 

① Homogeneity 

② Tuneable reactivity 

③ DAR alteration 

possible 

① Genetic engineering required 

② Low antibody expression 

yields 

③ Enhanced immunogenicity 

④ Enhanced hydrophobicity 

NCT04829604; 

NCT03255070; 

NCT02864290; 

NCT03424603; 

Enzymatic ① Microbial 

transglutaminase (mTG) 

② Formylglycine generating 

enzyme (FGE) 

③ Sortase  

① Homogeneity 

② DAR alteration 

possible 

③ Mild reaction 

conditions 

Aglycosylated/deglycosylated 

antibodies or genetic engineering 

required 

NCT03682796; 

NCT02122146; 

Disulfide rebridging ① Bissulfone reagents 

② Nextgeneration 

maleimides (NGMs) 

③ Pyridazinediones (PDs) 

④ Divinylpyrimidine (DVP) 

⑤ Arylene dipropiolonitrile 

(ADPN) 

⑥ Dibromomethyl 

heterocycles (C-LocktTM) 

① Homogeneity 

② Native amino acid 

sequence and 

glycosylation 

③ No alteration of 

antibody structure 

① Intrachain misbridging 

② Typically limited to DAR 4 

NCT04084366; 

NCT04316442; 

Glycan modification ① Antibody 

glycoengineering via 

oxidation 

② Endoglycosidase-mediated 

glycan remodelling 

③ Deglycosylation-

remodelling 

① Homogeneity 

② No alteration of amino 

acid sequence 

③ Stability 

① Different methods of 

purification required for 

specific reagents and 

enzymes 

② Immunogenic reactions 

 

NCT03700294; 
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The development of dual-payload ADCs has significantly advanced through the 

utilization of biorthogonal chemistry, particularly the integration of click reactions. 

Click reactions represent a suite of modular, stereospecific reactions characterized by 

straightforward reaction conditions and benign by-products [81]. Their widespread 

adoption in biological contexts stems from their ability to facilitate biorthogonal, site-

specific, and high-yield conjugation under mild conditions [82]. Moreover, click 

reactions facilitate the modularization and post-functionalization of antibodies without 

necessitating intricate synthetic procedures or iterative purification steps [83]. 

The conventional approach to click chemistry, copper(I)-catalyzed azide-alkyne 

cycloaddition (CuAAC) reaction, has historically been employed in constructing 

certain ADCs owing to its fast reaction kinetics [84]. However, the employment of 

copper catalysts may entail cytotoxicity and the potential oxidation of specific amino 

acids on the antibody, thereby precipitating potential immunogenic reactions [85]. To 

circumvent these problems, strain-promoted azide-alkyne cycloaddition (SPAAC) 

employs strained alkyne derivatives as reactive partners to obviate the need for toxic 

catalysts [86]. Nevertheless, SPAAC is constrained by limited water solubility and 

sluggish reaction kinetics [87]. Conversely, inverse electron demand Diels-Alder 

(IEDDA) reaction stands out for its swift reaction kinetics, catalyst-free conditions, 

and impeccable biocompatibility [88]. 

In recent years, the emergence of "unclickable" bioconjugation methodologies, 

such as the chemoselective rapid azo-coupling reaction (CRACR), has garnered 

attention. CRACR, compatible with select click chemistry reactions, facilitates 

orthogonal dual modification [89]. Other prevalent biorthogonal reactions include 

oxime and hydrazone ligations, as well as tetrazine ligations [90]. The judicious 

combination of biorthogonal reactions serves as a robust cornerstone for dual-payload 

ADC construction, yielding high product yields devoid of cross-reactivity. Several 

common combinations of biorthogonal reactions are delineated herein (Fig. 3). 
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Fig. 3 Bioorthogonal chemistry combinations for dual conjugation of dual-payload 

ADCs. 

3 Current progress of dual-payload ADCs 

In recent years, notable strides in dual-payload ADC design have ensued, 

propelled by the advent of sophisticated antibody modification tools and inventive 

linker designs, as shown by Table 2. This review endeavors to discuss these designs 

and other relevant studies promising to develop dual-payload ADCs, with a focus on 

how the above construction strategies were used. Jo
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Table 2 List of dual-payload ADC designs 
Conjuga

tion 

strategy 

Linker Linker conjugation Payloads 
Payload 

conjugation 
Antibody Biological outcomes Ref. 

Single-

site 

Dual cysteine 

multiplexing 

carriers 

Classical native 

cysteine-maleimide 

conjugation 

MMAE (DAR8) 

+MMAF (DAR8) 

Two orthogonally 

protected cysteine 

moieties [Cys 

(SiPr)+Cys 

(Acm)] 

Anti-

CD30 

Activity exhibited on cell 

types that are refractory to 

either of the individual 

component drugs in mouse 

xenograph models 

[11] 

Single-

site 

Bifunctionaliz

ed maleimide 

heterotrifuncti

onal linkers 

Engineered cysteine-

maleimide conjugation 

MMAE (DAR2) 

+SG3457 (DAR2) 

Alkyne 

(CuAAC)+ketone 

(oxime linkage) 

Anti-

HER2 

No additive or synergistic 

effect. 

[84] 

Single-

site 

Bifunctional 

branched 

linkers with 

orthogonal 

clickable 

handles 

MTGase-mediated 

conjugation 

MMAE+MMAF 

(DAR2+2/2+4/4+2) 

2Azide (with 

DBCO) + 
methyltetrazine 

(with TCO) 

Anti-

HER2 

Greater treatment effect and 

survival benefit than co-

administration of two 

single-drug variants in 

xenograft mouse models 

representing intratumor 

HER2 heterogeneity and 

elevated drug resistance 

[10] 

Single-

site 

Synthemer 

platform 

(undisclosed) AF-HPA (DAR2/4/6/12) 

+I-BiP (DAR2/4) 

(undisclosed) Anti-

HER2 

No additive or synergistic 

effect in cancer cell lines 

[91] 

Dual-

site 

EDA-Gly3+ 
6-

aminohexanoi

c acid linker 

Selenocysteine-

iodoacetamide 

conjugation+ 
engineered cysteine-

maleimide conjugation 

PNU-159682 (DAR1.9) 

+MMAF (DAR1.5) 

(Drug-linker 

complexes) 

Anti-

HER2 

No antagonistic or 

synergistic effect. 

[12] 

Dual-

site 

LacNAc-

based+ FcBP-

TE drug-

linkers 

Endo-S2-mediated 

glycan remodeling+ 

affinity-directed 

conjugation 

MMAE (DAR2) 

+MMAF (DAR2) 

(Drug-linker 

complexes) 

Anti-

HER2 

No additive or synergistic 

effect in mouse xenograph 

models 

[92] 

Dual-

site 

(undisclosed) Enzymatic site-specific 

conjugation 

(iLDC/iGDC) 

 TopoIx+an immune 

agonist (undisclosed) 

(undisclosed) Anti-

Trop2 

Leading to an enhanced 

immunogenic cell death 

(ICD) and antitumor 

response in vitro and in vivo 

via a synergistic MoA. 

[93] 

Dual-

site 

(undisclosed) Two orthogonal 

enzymatic site-specific 

conjugations 

(undisclosed) 

TopoIx+an EGFR 

tyrosine kinase inhibitor 

(undisclosed) 

(undisclosed) Anti-

HER3 

Exhibiting robust anti-

tumor efficacy in both in 

vitro and in vivo settings, 

surpassing single-agent 

treatments 

[94] 

This table summarizes construction strategies of dual-payload ADCs with publicly available data. 
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3.1  Dual-site dual conjugation 

Dual conjugation at distinct sites is frequently achieved through a blend of 

diverse conjugation methodologies. While numerous existing approaches are 

efficacious, most entail conventional, non-site-specific couplings that could 

potentially impede binding efficacy [24]. Moreover, many of these techniques rely on 

cytotoxic metal catalysts such as the CuAAC reaction, which are susceptible to 

residual metal contaminants, adverse immunogenic responses, and related concerns 

[95]. To mitigate these challenges, a multifaceted, multi-step process is often 

imperative for comprehensive characterization, involving separation techniques (e.g., 

size-exclusion high-performance liquid chromatography), spectroscopic methods (e.g., 

UV-Vis, mass spectrometry), and size determination techniques (e.g., dynamic light 

scattering) [96–98]. 

To optimize the preparation process, strategies such as the site-specific conjugate 

approach and copper-free orthogonal click reaction can be leveraged. The selection 

and sequence of two distinct modification methodologies must be meticulously 

designed to ensure orthogonality, compatibility, and maximal modification efficiency. 

Dual conjugation via cysteine and lysine residues. Trastuzumab, a humanized 

anti-HER2 monoclonal antibody, has been developed to host two distinct payloads 

through cysteine and lysine residues. Initially, an ADC (Tmab-VcMMAE) was 

synthesized by conjugating trastuzumab to MMAE via Val-Cit, a cleavable linker. 

Subsequently, the second payload, DM1, was attached to the ADC via Succinimidyl-

4-(N-maleimidomethyl) cyclohexane-1-carboxylate (SMCC), a non-cleavable linker, 

yielding the dual-payload ADC (Tmab-VcMMAE-SMCC-DM1). The findings 

underscore the synergistic and superior cytotoxic effects of the dual-payload ADC 

compared to a single payload conjugate, devoid of significant toxicity. This method 

harbors the potential to surmount treatment resistance and thwart tumor recurrence, 

thereby charting a promising path for employing alternative payloads in dual-payload 

ADC construction [99]. 

Dual conjugation via orthogonally reactive arginine and lysine residues. 
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Previous investigations have showcased the selective modification of two buried 

lysine residues amidst over a hundred lysine residues in the DVD-IgG1 molecule via 

hapten-driven conjugation [100]. Building upon this premise, an arginine-lysine site-

specific conjugation platform predicated on the modular design of heterodimeric 

DVD-IgG1 was devised, employing arginine (K99R) instead of reactive lysine. This 

modification facilitates precise, efficient, and stable drug attachment. The platform 

facilitates the one-pot assembly of site-specific ADCs hosting two distinct payloads 

through the orthogonal utilization of h38C2_Lys and h38C2_Arg under mild 

conditions (Fig. 4A). While no experiments were conducted, this methodology holds 

promise for hydrophilic cargoes soluble in aqueous buffers, such as α-amanitin, 

PNU159682, and hydrophobic drugs conjugated with polymers. It aligns seamlessly 

with advanced ADC components, furnishing a convenient platform for dual-payload 

ADCs and other multifaceted antibody conjugates [101]. 

In contrast to lysine conjugation, arginine conjugation is hindered by incomplete 

conversion due to the cellular metabolite methylglyoxal partially blocking the reactive 

arginine. To enhance conjugation efficiency, a conceptually similar approach was 

pursued by mutating the reactive lysine of h38C2 to a cysteine. Dual-payload ADCs 

can be assembled by pairing the mutant h38C2_K99C with either the parental h38C2 

or h38C2_K99R, thereby broadening the scope of the h38C2-based site-specific 

antibody conjugation platform (Fig. 4B) [102]. Jo
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Fig. 4 (A) Scheme of orthogonal labeling of the heterodimeric DVD-IgG1. The 

conjugation of two fluorescent dyes (pentagram, phenylglyoxal-TAMRA; octagram, 

b-lactam-hapten-Cy7) was conducted sequentially under the indicated conditions 

without intermittent purification or buffer exchange steps. (B) Mutating h38C2’s 

reactive lysine to a cysteine instead of arginine. 

Dual conjugation via the thio-selenomab. The thio-selenomab approach, an 

amalgamation of engineered cysteine and selenocysteine technologies, was pioneered. 

Proof-of-concept experiments substantiated that the approach upheld affinity and 
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internalization, while the modified antibody showcased exceptional stability in plasma 

[103]. Building upon this innovation, engineered Cys (HC A114C) and Se-Cys (HC 

S396U) were selectively conjugated at precise sites on trastuzumab. The dual-payload 

ADC is synthesized by coupling the two entities with iodoacetamide-functionalized 

PNU-159682 and phenyloxadiazole-MMAF, respectively, thereby furnishing a dual 

mechanism of action of payloads (Fig. 5). However, in vitro cytotoxicity results 

suggested that MMAF and PNU-159682 do not exhibit synergistic interaction [12]. 

 

Fig. 5 Dual PNU-159682/MMAF conjugation.  

Dual conjugation with cysteine residues and an unnatural amino acid. Utilizing 

engineered cysteines and unnatural amino acid engineering techniques, Q124C on the 

light chain and A121 on the heavy chain of CH1 of trastuzumab-Fab (Tra-Fab) were 

identified as conjugate sites. Subsequently, Tra-Fab underwent conjugation with 

cysteine and p-acetyl-phenylalanine, respectively, through oxime ligation and Michael 

addition. This facilitates the sequential concatenation of these two moieties on the 

Tra-DualFab with two types of payloads (Fig. 6). Notably, this method obviates the 

necessity for a purification step after the initial oxime coupling reaction. The Michael 

addition for the second ligation can be executed directly without further purification, 

simply by adjusting the pH of the reaction solution from 4 to 6. Immunofluorescence 

assays confirmed the complete internalization of Tra-DualFab into target cells. This 

strategic approach yields newly designed ADCs endowed with functional diversity, 

the potential to surmount drug resistance, compatibility with multifunctional linkers, 

and diverse types of payloads [104]. 
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Fig. 6 Schematic diagram of the simple, one-pot, successive method for dual 

conjugate reactions based on Tra-DualFab. 

Dual conjugation via a new dual suppression system leveraging the opal 

suppressing EcTrp pair. Osgood et al. devised three novel pathways for incorporating 

dual ncAAs utilizing the bacteria-derived tryptophanyl (EcTrp) pair as a TGA codon 

repressor, in conjunction with other existing orthologous pairs. They employed the 

EcTrp + EcLeu pathway to introduce 5-hydroxytryptophan (5-HTP) and the azide-

containing amino acid LCA into positions 121 and 198 of the Trastuzumab heavy 

chain, respectively. Subsequently, the antibodies were conjugated with two distinct 

cytotoxic drugs, Diazo-MMAF (CRACR) and DBCO-PNU-159682 (SPAAC), 

employing a one-pot method to fabricate the dual-payload ADC (Fig. 7). Cytotoxicity 

analyses conducted on the NCI-N87 and NCI-H520 cell lines demonstrated that the 

dual-payload ADC exhibited significantly heightened cytotoxicity against the former, 

indicative of its HER2-dependent cell-killing potential. This underscores the promise 

of dual-payload ADCs in therapeutic preparation[68]. 
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Fig. 7 Site-specific incorporation of two different cytotoxic drugs into dual ncAA-

labled Trastuzumab. 

Dual conjugation via noncanonical amino acids as doubly bio-orthogonal 

handles. Previous methodologies for integrating multiple distinct ncAAs at specific 

sites have proven inefficient and operationally complex. These approaches entail the 

use of multiple components and involve tedious optimization and evaluation 

processes, thereby limiting their scalability for therapeutic applications. To 

circumvent these challenges, two encodable ncAAs, pTAF/mTAF, were devised, each 

containing mutually orthogonal and bioorthogonal azide and tetrazine "click" handles. 

Leveraging the technique of engineering unnatural amino acids facilitates one-pot 

reactions for the introduction of fluorescent groups, radioisotopes, cytotoxic drugs, 

and other compounds, significantly enhancing conjugation efficiency. The HER2-

scFv antibody fragment with pTAF at position A121 was utilized and conjugated with 

DBCO-PEG3-VC-PAB-MMAE (DBCO-MMAE) via SPAAC reaction, as well as 

TCO-PEG (with PEG molecules of sizes 20 or 40 K) via IEDDA reaction (Fig. 8). In 

the tumor model, scFv-MMAE-PEG40K exhibited favorable biocompatibility and 

demonstrated superior anti-tumor activity compared to both the scFv-MMAE and 

PBS-treated groups. [105]. 
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Fig. 8 Chemical structure of pTAF and mTAF; and overview of synthesis of an 

antibody fragment-PEG-drug dual conjugate with pTAF prepared with DBCO-

MMAE and TCO-PEG20K or TCO-PEG40K via SPAAC and IEDDA reactions, 

respectively. 

Dual conjugation via glycan remodeling and affinity-directed traceless 

conjugation. WeiHuang et al. previously pioneered various strategies for the site-

specific construction of ADCs. These include a one-step approach for efficiently 

producing homogeneous glycosite-specific ADCs utilizing wild-type endoglycosidase 

endo-S2 [80,106], and a traceless strategy enabling the efficient synthesis of site-

specific ADCs through the development of a Fc-directed thioester-based acyl transfer 

reagent [107]. Furthermore, a straightforward and efficient one-pot technique was 

devised to assemble site-specific dual-payload ADCs at the conserved N-

glycosylation site on Fc Asn297 and K248 site. Two LacNAc-based and two FcBP-

based MMAE/MMAF drug linker complexes were formulated, and three synthetic 

pathways were devised and evaluated. The optimal approach involves initially 

introducing a single payload, LacNAc-linker-MMAE/MMAF, at the glycosylation site 

through endo-S2 catalyzed one-step glycoengineering, followed by the installation of 

another payload at the K248 site using the FcBP-TE-Drug complexes (Fig. 9). This 

methodology enables the synthesis of homogeneous site-specific ADCs with defined 

DARs or different payloads. These ADCs exhibit satisfactory homogeneity, excellent 
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buffer stability, and remarkable in vitro and in vivo antitumor efficacy [92]. 

 

Fig. 9 Schematic overview of synthesis route of dual-payload ADCs with defined 

DARs; and structures of LacNAc-based drug-linkers and FcBP-TE-Drug complexes. 

Dual conjugation via Sortase A-mediated Ligation. Studies have ventured into 

leveraging human fibroblast growth factor 2 (FGF2) as a target protein for 

conjugation, diverging from modifying the antibody itself. In 2018, a dual-warhead 

conjugate combining MMAE and α-amanitin (α-AMTN) was engineered through the 

Thiol-maleimide and CuAAC reaction (Fig. 10A). The resulting dual-warhead-FGF2 

conjugate showcased synergistic and potent toxicity of the two loaded drugs, 

indicating promise in overcoming resistance in the small cell lung cancer line NCI-c. 

However, the production of such a dual-warhead conjugate posed challenges due to 

the incorporation of propargyl lysine via CuAAC chemistry and complications in the 

refolding process of the final product [108]. 

Building upon this groundwork, MMAE and α-AMTN can be introduced onto 

FGF2 via an evolved Sortase-A (eSortA)-mediated conjugation reaction (Fig. 10B). 

The resultant dual-payload conjugate exhibited heightened cytotoxic potency 

compared to the single-loaded counterpart against fibroblast growth factor receptor-

positive cell lines. This modular approach ensures site-specific concatenation and 
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controlled DARs [109]. Recent advancements have extended this strategy to generate 

dual-warhead cytotoxic conjugates through site-specific conjugation of cytotoxic 

payloads via SnoopLigase- and evolved Sortase A-mediated ligation. Dual-payload 

conjugates of MMAE and α-AMTN were prepared using this method, underscoring 

its potential in constructing dual-payload ADCs analogues (Fig. 10C) [110]. 
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Fig. 10 Dual conjugation via Sortase A-mediated Ligation. (A) Synthesis of FGF2 

dual-payload conjugation loaded with MMAE and α-AMTN in a site-specific manner 

via maleimide-thiol conjugation and Cu(I)-catalyzed alkyne-azide cycloaddition. (B) 

Synthesis of dimeric, dual-payload FGF2 conjugated with MMAE and α-AMTN 

using eSortA. (C) Schematic of the use of SnoopLigase and eSortA in a two-step 

procedure of the production of dimeric dual-payload FGF2 conjugate. 

3.2  Single-site Dual Conjugation 

Traditionally, most ADC linkers were tailored to accommodate a single payload, 

which restricted their versatility and application scope. In contrast, single-site dual 

conjugation relies on intricately designed linkers capable of regulating DARs with 

slight modifications to the antibody structure and facilitating more efficient utilization 

of conjugation sites. But one potential drawback is the issues of hydrophobicity and 

steric hindrance discussed previously. Moreover, exploration beyond cysteine residue 

modifications remains relatively underexplored. Single-site dual conjugation can be 

accomplished through three main approaches: (i) employing reactive linkers pre-

functionalized with two cargoes; (ii) utilizing hetero-bifunctional linkers initially 

functionalized with one cargo and subsequently reacting in a chemoselective manner 

to introduce the second cargo post-protein conjugation; and (iii) employing hetero-

trifunctional linkers. These strategies predominantly target the thiol group of solvent-

exposed cysteine residues [24]. 

Dual conjugation via branched chemical linkers containing two orthogonally 

masked cysteine residues. Levengood et al. introduced a pioneering approach for 

preparing single-site dual conjugation ADCs via branched chemical linkers containing 

two orthogonally masked cysteine residues. In their study, they incorporated two 

orthogonally protected cysteine moieties [Cys (SiPr)+Cys (Acm)] into natural, non-

engineered IgG using a dual cysteine multiplexing carrier tethered with an interchain 

disulfide bond of the antibody via a maleimide reaction. Subsequent deprotection 

reactions sequentially unveiled the cysteine residues, which were then conjugated to 

the payload. This innovative method facilitated the construction of dual-payload 
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ADCs by uniformly coupling MMAE and MMAF with the CD30-directed antibody 

cAC10, achieving a DAR of 16 (8 MMAE and 8 MMAF molecules per antibody). 

Notably, the carrier incorporated a self-stabilizing maleimide (mDPR) for antibody 

attachment to mitigate drug-linker in vivo deconjugation, along with a PEG24 

stretcher enabling high drug loading without inducing hydrophobicity-induced ADC 

aggregation (Fig. 11A). Dual-payload ADCs synthesized using this strategy exhibited 

activity on cell types that are refractory to either of the individual component drugs in 

a mouse xenograft model. The versatility of this approach enables efficient screening 

of antibody and drug-linker libraries to identify dual-payload ADCs with enhanced 

therapeutic efficacy [11]. 

Dual conjugation via heterotrifunctional linkers. A bifunctionalized maleimide 

reagent was developed as a heterotrifunctional linker for site-specific conjugation to 

cysteine-engineered antibodies through a thiol-maleimide reaction. This reagent 

features an alkyne group capable of accommodating any azido-decorated drug via a 

CuAAC reaction, while the ketone group can accommodate an aminooxy-bearing 

drug via an oxime linkage. The linker was conjugated to trastuzumab (and antibody 

NIP228 as a control) by introducing cysteine at position 239 of the antibodies through 

a thiol-maleimide reaction. Subsequently, cytotoxic payloads O-vc-PAB-MMAE and 

SG3457 were introduced to yield homogeneous dual-payload ADC with a DAR of 4 

(Fig. 11B). In vitro studies have demonstrated the dual-payload ADC's potent 

cytotoxicity against HER2+ breast cancer cell lines. While the dual-payload ADC did 

not exhibit additive or synergistic effects in cell killing, this study illustrates the 

successful incorporation of two drugs with dissimilar mechanisms of action into a 

single moiety using a heterotrifunctional linker. This approach opens avenues for 

creating other dual-modified ADCs utilizing various combinations of drugs with dual 

mechanistic actions, pharmacokinetic modulating linkers, or secondary targeting 

molecules with the antibody-linker platform derived from the heterotrifunctional 

linker [84]. 
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Fig. 11 (A) Homogeneous dual-payload ADCs loaded with MMAF and MMAE and 

the structure of dual-cysteine multiplexing carriers. (B) Dual-payload ADCs loaded 

with MMAE and PBD, and the structure of a heterotrifunctional linker. 

Dual conjugation via DVP disulfide rebridging linkers. Previous studies have 

highlighted the utility of DVP reagents for the site-specific synthesis of stable ADCs 

[111]. Building on this foundation, a novel dual functional divinyl pyrimidine (dfDVP) 

platform has been developed for the synthesis of dual-payload ADCs. The dfDVP 

reagents are readily synthesized via solid- and solution-phase chemistry. These 

reagents selectively conjugate one payload by cross-linking two proteinogenic 

cysteine residues, followed by a bioorthogonal click reaction to attach the second 

payload. In this study, dfDVP carrying fluorescein isothiocyanate (FITC) and an 

alkynyl group was synthesized, reacted with the interchain disulfide bond of 

trastuzumab, and then linked to MMAE via a CuAAC reaction. The resulting Tras-

FITC-MMAE, featuring a DAR of 3, displayed significant biological activity in 

numerous in vitro assays (Fig. 12). Neither the antibody nor the payload's activity was 

negatively impacted. However, despite screening various reaction conditions, 
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achieving a DAR >3 proved challenging, likely due to the attached molecule's size, 

permitting only one drug molecule attachment in the hinge region of each antibody 

[51]. 

Further enhancement of the dfDVP platform can be realized by introducing 

IEDDA and SPAAC reactions, yielding an orthogonal bifunctionalized linker 

containing methylcyclopropene and bicyclononyne handles (Fig. 12). This linker can 

then be reacted with MMAE-PEG4-N3 and TAMRA-PEG4-Bn-Tetrazine after 

connecting Trastuzumab via a disulfide rebridging technique. Synthesized dual-

payload ADC analogs containing enzymatically cleavable MMAE, and fluorescent 

fractions exhibit a broad therapeutic window against HER2 in SKBR3 (+ve) and 

MCF7 (-ve) cell lines. This approach offers a modular scaffold's flexibility and the 

linker's applicability to off-the-shelf IgG1 without requiring protein engineering. Each 

step proceeds at high conversion rates without the need for metal catalysis and 

cumbersome purification [78]. 

 

Fig. 12 Schematic overview of dfDVP approach; and the structure of dfDVP with 

bicyclononyne and methylcyclopropene handles to facilitate sequential SPAAC and 

IEDDA reactions. 

Dual conjugation via pyridazinedione-based trifunctional dual disulfide 
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rebridging linkers. Pyridazinedione (PD) derivatives present an alternative approach 

for modifying the interchain disulfide bonds of antibodies, besides the dfDVP 

approach. In a previous study by Maruani et al., diBrPDs with orthogonal "clickable" 

handles were incorporated into the natural disulfide bonds of antibody fragments and 

whole antibodies, aiming to achieve two orthogonal transformations to yield 

multifunctionalized adducts [112]. Recently, a trifunctional dual-bridging linker, PD-

PhN3-Tz, has been developed for the reduction and re-bridging of native proteins 

with the linker. This linker facilitates the synthesis of a diverse array of ADCs with 

varying PAR (1, 2, 3 for Fc and Fab′, and 2, 4, and 6 for a mAb) and dual-payload 

ADCs analogs (2 + 1 for Fc and Fab′; 4 + 2 for mAb) by adjusting the copper-free 

click reactions employed for model payload attachment (Fig. 13). The method can be 

applied to develop Fab' and Fc-conjugates, as well as coupling full-length antibodies. 

It offers precise control and versatility regarding accessible PARs and compatible 

antibody formats, obviating the need for recombinant approach [113]. 
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Fig. 13 The structure of a pyridazinedione-based trifunctional dual bridging linker; 

and its application to construct ADCs with reduction, re-bridging, and 

functionalisation of mAb, Fab and Fc, enabling introduction of corresponding click 

handles to controll various PARs. 

Dual conjugation via heterobifunctional substrates for MTGase. To achieve one-

pot site-specific integration of antibodies, payloads, and bioorthogonal chemical 

reactive substances, a heterobifunctional substrate for MTGase has been devised. This 

substrate comprises azide and methyltetrazine "click" handles. Following catalysis by 

MTGase, the bifunctional linker is introduced into the Q295 site of trastuzumab. This 

enables the incorporation of DECO-PEG side chains and TCO-DM1 (via SPAAC + 

IEDDA) through an orthogonal reaction in a one-pot method. (Fig. 14) The dual-

payload ADC analogs thus synthesized exhibited potent activity in vitro against 
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SKOV3 cells, underscoring the promise of the dual "click" approach for antibody 

modification to yield multifunctional ADCs with high drug loading, diagnostic 

capabilities, and optimized pharmacokinetics [83]. 

 

Fig. 14 Schematic overview of site-specific conjugation scheme and structure of 

heterobifunctional substrates containing two bioorthogonal chemical handles, azide 

and methyltetrazine. 

Dual conjugation via a MTGase-mediated conjugation of bi-functional branched 

linkers. The Q295 site was utilized to affix a branched linker with orthogonal 

clickable handles to the N297A anti-HER2 mAb, resulting in a highly homogeneous 

antibody-linker complex. The anti-HER2 mAb-tri-arm linker conjugate underwent 

consecutive methyltetrazine-TCO and azide-DBCO cycloadditions in a single pot 

with TCO-MMAF and DBCO-MMAE modules, producing a series of 

MMAE+MMAF dual-payload ADCs with DARs of 4+2, 2+2, and 2+4 (Fig. 15). 

These experiments showcased the considerable therapeutic efficacy of these dual-

payload ADCs in two mouse models of refractory breast cancer with heterogeneous 

HER2 expression. Notably, they demonstrated superior in vivo treatment efficacy 

compared to individual or co-administered single-payload ADCs. The study 

underscores the therapeutic potential of the homogeneous dual-payload ADC format 

Jo
urn

al 
Pre-

pro
of



36 

 

in addressing breast tumor HER2 heterogeneity and drug resistance. This process 

enables precise manipulation of the payload, allowing for control over the type of 

toxic drug being conjugated as required, as well as regulation of the DAR of each 

drug to yield ADCs with enhanced homogeneity [10]. 

 

Fig. 15 MTGase-mediated conjugation of tri-arm linkers and following orthogonal 

click reactions with two payload modules afford homogeneous dual-payload ADCs 

with defined DARs of 4+2, 2+4 and 2+2. The glutamic acid–valine–citrulline 

(GluValCit)–PABC linker ensures in vivo stability, while allowing for quick and 

traceless release of payloads upon internalization and following cathepsin-mediated 

cleavage in lysosomes. 

Dual conjugation via N-terminal cysteines as the minimalistic handle. Dual 
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conjugation techniques have been broadened to encompass the N-terminal cysteine of 

a chemically synthesized third-generation anti-HER2 affibody as the reaction locus, 

extending beyond antibodies. This conjugation methodology leverages the 1,2-

aminothiol moiety to concurrently reinstate thiol functionality, facilitating the 

incorporation of two payloads at the identical site. The process entails a two-step, 

single-purification approach to introduce DM1-SMCC NHS ester and Val-Cit-PAB-

MMAE maleimide, yielding dual conjugates (Fig. 16). This dual-payload ADC 

analogue exhibited heightened cytotoxicity against HER2+ cell lines compared to a 

combination of two monovalent conjugates, underscoring a potent synergistic effect. 

Executable under mild conditions, the reaction progresses cleanly, facilitating the 

extraction of the desired conjugates in substantial yields [24]. 

 

 

Fig. 16 Schematic overview of NCys-selective protein dual conjugation using NHS- 

and maleimido-functionalized cargos.  

Dual Conjugation via aerobic formylglycine-generating enzymes. A previous 

study introduced a site-specific concatenation strategy employing FGEs to catalyze 

Jo
urn

al 
Pre-

pro
of



38 

 

the targeted oxidation of cysteine or serine residues within the conserved 

(C/S)X(A/P)XR motifs to the aldehyde-containing amino acid formylglycine (FGly) 

[114,115]. FGEs offer enzymatic diversity applicable for dual site-specific protein 

conjugations, enabling sequential FGly generation across distinct recognition 

sequences. This non-traditional electrophilic amino acid can be selectively modified 

by bioorthogonal Hydrazino-iso-Pictet–Spengler (HIPS) or Knoevenagel ligations to 

attach payloads, such as fluorophores or drugs, to the protein, achieving a defined 

payload-to-protein ratio [116]. 

Despite the benefits of dual bioconjugations with enzymatic orthogonality, the 

anaerobic enzyme AtsB presents a challenge. Hence, a novel pathway has been 

proposed to achieve biofunctionalized drug couplings utilizing different types of 

FGEs for direct dual bioconjugation with orthogonal attachment. DARPin and 

scFv425-Fc were equipped with two aldehyde tags (CTAGR/CTPSR) and subjected 

to HIPS ligation and copper-free click reaction. This sequential process can link two 

distinct payloads to fabricate the dual-payload ADC analogue of MMAE and 

carboxyfluorescein (Fig. 17). Leveraging two O2-dependent FGEs, this method 

converts two aldehyde tags in a targeted and stepwise manner under mild conditions 

suitable for natural biomolecules. It facilitates the specific concatenation of peptides 

and proteins, enabling the construction of dual-payload ADCs and their analogues 

with a high degree of orthogonality in substrate recognition [117]. Jo
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Fig. 17 Combination of Hydrazino-iso-Pictet-Spengler ligation and copper-free click 

reaction for dual bioconjugation on FGly; and structures of the construct DBCO-PEG-

VC-PAB-MMAE connected to the HIPS moiety by SPAAC between the azide and 

DBCO. 

Dual conjugation via bifunctional clickable HIPS and tandem Knoevenagel 

building blocks. Techniques for conjugation that selectively process FGly via HIPS or 

Knoevenagel ligation need to address several drawbacks. These include the 

requirement for a large excess of conjugation building blocks, relatively low reaction 

rates, and the limited stability of FGly-containing proteins [118,119]. To address these 

issues, a bifunctional linker for formylglycine affixation has been developed. This 

linker comprises bioorthogonal reactive HIPS and Knoevenagel affixation modules. It 

can be used in conjunction with SPAAC for efficient and selective single or dual 

derivatization with stoichiometric DBCO-modified payloads. This method is ideal for 

generating polyethylene glycolated therapeutic proteins with improved 

pharmacokinetics or for creating homogeneous ADCs with DARs of 2 or 4 [119]. 

Karsten et al. utilized a modular affixation system comprising of FGE and 
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tandem Knoevenagel ligation in combination with SPAAC to introduce aldehyde 

groups on DARPin monomer, DARPin dimer, DARPinFc, scFv425Fc. These were 

then reacted to yield highly homogeneous dual-payload ADC analogues containing 

PEGylation and MMAE, based on the studies mentioned above (Fig. 18). The 

conjugates inhibited the cell viability of epidermal growth factor receptor (EGFR) 

overexpressing A431 cells with sub-nanomolar cytotoxicity. They also demonstrated 

receptor-mediated endocytosis upon receptor-specific binding, indicating the potential 

of this conjugation strategy to be potent and applicable to a wide range of targeting 

molecules [120]. 

 

Fig. 18 Schematic figure of enzymatic conversion with the FGE followed by tandem 

Knoevenagel ligation and strainpromoted azide-alkyne cycloaddition (SPAAC), 

preparing protein-drug/dye conjugates; and structures of PEGylated DBCO-MMAE 

linker. 

4 CONCLUSIONS AND PERSPECTIVES 

ADCs represent a rapidly advancing and remarkably efficacious cohort of 

anticancer therapeutics, adept at administering potent cytotoxic agents precisely to 

tumor sites while sparing healthy tissues, thereby embodying a promising 

amalgamation of chemotherapy and immunotherapy [121]. Nevertheless, as is the 

case with the majority of cytotoxic drugs, the clinical benefit derived from ADCs as 
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monotherapies is constrained by the emergence of resistance mechanisms [122]. 

While the precise mechanisms underpinning drug resistance remain the subject of 

ongoing investigation, it is understood that tumor cells resistant to ADCs retain 

susceptibility to alternative ADC formulations and conventional chemotherapeutic 

agents [123]. In an endeavor to attenuate the likelihood and decelerate the emergence 

of drug resistance, combination therapy for ADCs is an area of widespread interest. To 

date, ADCs have been combined with a number of different cancer treatments, 

including chemotherapy, endocrine therapy, radiotherapy, molecular targeted cancer 

therapy and immunotherapy [47]. Although this approach demonstrates considerable 

promise in vitro, its clinical application frequently encounters challenges. While 

efficacy is commendable, treatment is often discontinued due to serious adverse 

effects that diminish patients' quality of life [124]. An inherent limitation contributing 

to this is the excessive discrepancy in pharmacokinetics between ADCs and small 

molecule drugs [9]. This discrepancy effectively precludes the possibility of 

simultaneously targeting the same tumor cells, thereby impeding the ability to 

regulate toxicity of drug combination and resistance of tumors. The combination of 

two single-payload ADCs is confronted with additional challenges. The binding of 

two ADCs to the same antigen may result in competition for binding sites, which 

could potentially affect the delivery efficiency and therapeutic effect [10]. Therefore, 

dual-payload ADCs represent an effective alternative strategy for ensuring the precise 

and simultaneous delivery of payload combinations to the same cell, which effectively 

circumvents the aforementioned problems, offering a promising prospect. 

Currently, most advancements in dual-payload ADC development remain at the 

preclinical stage. As previously mentioned, several preclinical studies on dual-payload 

ADCs have been conducted by academic laboratories. Within the pharmaceutical 

industry, Sutro Biopharma unveiled pioneering data in 2013 on a dual-payload ADC, 

utilizing a monoclonal antibody augmented with two non-natural amino acid residues, 

followed by the conjugation of distinct payloads through a click chemistry reaction 

[125]. In 2016, Synaffix secured a patent for its HydraSpace technique, enabling the 
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site-specific conjugation of a monoclonal antibody with two hydrophilic linkers 

carrying different payloads [126]. In 2019, Mersana Therapeutics designed a dual-

payload ADC containing MMAF and I-BiP, using the Synthemer platform with a 

DAR of up to 12. Recently, GeneQuantum employed two orthogonal enzymatic site-

specific conjugation methods and stable linker technologies to generate a HER3 dual-

payload ADC containing TopoIx and an EGFR tyrosine kinase inhibitor [94]. 

Additionally, some companies have disclosed further information on dual-payload 

ADCs through patents, such as Aarvik Therapeutics (US20230212181A1) and 

Novartis (WO2023225359A1). 

While various design strategies have been proposed, the potential of dual-

payload ADCs remains in the early stages. Numerous challenges must be addressed 

before clinical application, including issues related to developability, safety, and 

designs. Developability is a key concern, as few molecules possess biophysical 

properties suitable for clinical or even preclinical studies. Early screening and 

evaluation of components can conserve resources and prevent costly late-stage 

failures. Current dual-payload ADC development tends to be conservative, often 

relying on validated targets and antibodies. However, matching biomarkers to the 

mechanism of action of the warhead remains crucial for maximizing the therapeutic 

index of ADCs [127]. Developing flexible synthesis platforms, such as the click 

chemistry assembly platform, will facilitate the creation of larger ADC libraries and 

accelerate the screening process. In addition, particular attention must also be given to 

the selection of payload combinations. Several reports indicate that although some 

dual-payload ADCs incorporate payloads designed to exert complementary 

mechanisms of action, neither payload has demonstrated superior efficacy compared 

to the corresponding single-payload ADC [12,91]. Given the issue of unanticipated 

toxicity, drug combinations that yield synergistic outcomes represent the optimal 

choice. However, it is important to note that certain drug combinations lacking 

observable additive or synergistic effects may still offer benefits across broader 

patient cohorts due to interindividual variability [128]. It is therefore crucial to ensure 
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a balance of efficacy between the two selected payloads and to optimize the DAR to 

achieve the best therapeutic outcome. A comprehensive toxicity assessment is 

imperative, including the evaluation of non-linear superimposed toxic effects. 

Toxicological modeling of dual-payload ADCs must accurately predict combined 

toxicity and potential long-term effects to determine the maximum tolerated dose and 

therapeutic window [129].  

The lack of in vivo biodata intensifies safety concerns for dual-payload ADCs. 

While these ADCs hold promise for enhancing efficacy and mitigating drug resistance, 

their multifaceted pharmacological effects and elevated DARs may lead to adverse 

reactions and synergistic toxicities. Additionally, the complex modification of 

antibodies in dual-payload ADCs introduces the risk of altering antibody properties, 

potentially affecting stability, immunogenicity, off-target effects, and other unforeseen 

issues [129]. It would benefit from a comprehensive in vivo assessment of efficacy, 

which necessitates systematic quantitative modeling in toxicology, pharmacology, and 

pharmacogenetics. Accordingly, antibodies, linkers, and payloads should be optimized 

synergistically to achieve a balance between efficacy and safety. Furthermore, 

pharmacogenomic analysis in early clinical trials presents a promising approach to 

optimizing drug dosing and selection for individual patients, thereby maximizing 

efficacy and minimizing toxicity [130]. 

There are inherent flaws in various dual-payload ADC design strategies. As 

previously mentioned, single-site conjugation emphasizes the development of 

innovative linkers, commonly based on maleimide, disulfide rebridging linkers, mTG, 

and other modalities. The primary disadvantages are related to hydrophobicity and 

steric hindrance, which arise from the close proximity of the payloads [30]. 

Additionally, there are challenges in manufacturing control due to the multiple 

purification steps involved [104]. Therefore, innovative linker design, the 

development of hydrophilic payloads, and the use of hydrophobic masks are 

challenges that need to be urgently addressed. As for dual-site conjugation, it lies in 

the combination of different conjugation modalities, requiring the deployment of 
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multiple orthogonal site-selective modification strategies [22]. The majority of 

methods currently employed in this field rely on engineered cysteines, non-canonical 

amino acids, and enzymatic techniques, with further combinations yet to be explored. 

Given that dual-site conjugation involves the sequential employment of multiple 

modification strategies, it presents additional manufacturing challenges [131]. 

Requiring multiple structural changes to the antibody, the risk of altered in vivo 

properties of the product is particularly high. The disadvantages of certain conjugation 

techniques, such as the risk of immunogenicity associated with the introduction of 

unnatural traits through genetic engineering, may become more pronounced [132]. We 

anticipate that with increased research and data sharing, more systematic and 

quantitative research models will become available to assist in identifying the most 

effective design strategy. 

With the evolution of medicinal chemistry research methods and the continued 

in-depth exploration of ADCs, emerging technologies are becoming effective enablers 

for the development of dual-payload ADCs. With more sequence information and 

biophysical data becoming publicly available, the task of establishing guiding 

principles on developability of dual-payload ADCs with artificial intelligence 

technology is becoming more approachable [133]. The development of AI technology 

for neoantigen identification and antibody design is surging forward, showing great 

potential for innovative antibody linker design of dual-payload ADC [134]. For 

instance, the Response Algorithm for Drug Positioning and Rescue (RADR®) from 

Lantern Pharma is an AI platform capable of integrating biological datasets to identify 

ADC targets with improved tumor selectivity, facilitating the rapid development of 

novel ADCs [135]. Additionally, in drug combination, it has been previously 

determined through clinical trials. However, this approach has proved to be expensive 

and time-consuming. High-throughput screening (HTS) is another approach, with 

challenging to measure the entirety of the combinatorial space [136]. Currently, AI 

technology has potential to expedite the process of drug formulation design and to 

facilitate the investigation of drug synergies. Jeon et al. proposed an in-silico method 
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for personalized drug combination therapy discovery, utilizing genetic information, 

drug targets, and molecular data from malignant cell lines to estimate the synergistic 

effects between two payloads. The proposed model was proved to be applied to 

patient samples in place of cells when it is employed in a clinical setting [137]. And 

Kaur et al. proposed a unique deep bidirectional mixed density network (BMDN) 

model capable of visualizing pharmacological synergisms. A dynamic mutation-based 

multi-objective differential evolution approach is employed to optimize the hyper-

parameters of BMDN, with a high degree of accuracy in predicting drug synergy 

[138]. And multi-tasking deep neural networks can also efficiently predict toxicity in 

vitro, in vivo and clinical platform, improving the accuracy and interpretability of 

toxicity predictions [139]. Furthermore, in ADC drug discovery and efficacy 

validation, traditional cell line models cannot fully replicate the tumor immune 

microenvironment and tumor heterogeneity. The emergence of functional assays, 

represented by anthropomorphic models such as patient-derived organoids (PDOs) 

[140], patient-derived xenografts (PDXs) [141], and conditional reprogramming (CR) 

cells [142], has provided new opportunities for dual-payload ADC research, 

addressing the lack of in vivo data. These models facilitate the study of the complex 

in vivo mechanisms of dual-payload ADCs, maintaining a high degree of consistency 

with the structure of human source tissues, molecular characteristics, and drug 

responses. 

Dual-payload ADCs epitomize a novel generation of ADCs poised to confer 

multifaceted therapeutic efficacy, augment ADC potency, and enhance the therapeutic 

index by harnessing the additive or synergistic effects of diverse payloads they carry. 

This methodology has exhibited remarkable potential in surmounting tumor 

heterogeneity and circumventing drug resistance. Despite encountering substantial 

challenges, as a promising conceptual frontier, it is growing rapidly to surmount the 

therapeutic challenge encountered by conventional ADCs. Moving forward, it should 

persist in selective and quantitative coupling methodologies while evolving to 

embrace universality across a broader spectrum of targets and antibodies. In tandem 
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with dual-payload ADCs, a range of novel ADC design strategies has emerged, 

encompassing bispecific ADCs [143], conditionally active ADCs [144], immune-

stimulating ADCs [145], protein-degrader ADCs [146], and others. Each variant 

possesses distinctive capabilities to confront known and potential challenges. The 

integration of their design paradigms and therapeutic modalities has the potential to 

facilitate the development of more effective, safe, and personalized cancer treatments. 
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ncAAs, 

  Noncanonical amino acids 

NGMs, 

  Next generation maleimides 

PDs, 
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DVP, 
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CuAAC, 
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  Inverse electron demand Diels-Alder 
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  Auristatin F hydroxypropyl amide 

Data availability 

No data was used for the research described in the article. 

References 

[1] K. Tsuchikama, Y. Anami, S.Y.Y. Ha, C.M. Yamazaki, Exploring the next generation of 

antibody-drug conjugates, Nat. Rev., Clin. Oncol. (2024). 

https://doi.org/10.1038/s41571-023-00850-2. 

[2] P. Khongorzul, C.J. Ling, F.U. Khan, A.U. Ihsan, J. Zhang, Antibody-drug conjugates: a 

comprehensive review, Mol. Cancer Res.: MCR 18 (2020) 3–19. 

https://doi.org/10.1158/1541-7786.MCR-19-0582. 

[3] F. Riccardi, M. Dal Bo, P. Macor, G. Toffoli, A comprehensive overview on antibody-

Jo
urn

al 
Pre-

pro
of



49 

 

drug conjugates: from the conceptualization to cancer therapy, Front. Pharmacol. 14 

(2023) 1274088. https://doi.org/10.3389/fphar.2023.1274088. 

[4] Antibody Drug Conjugates Market Size & Share Report, 2030, (n.d.). 

https://www.grandviewresearch.com/industry-analysis/antibody-drug-conjugates-

market (accessed April 17, 2024). 

[5] Z. Fu, S. Li, S. Han, C. Shi, Y. Zhang, Antibody drug conjugate: the “biological missile” 

for targeted cancer therapy, Signal Transduct. Target. Ther. 7 (2022) 93. 

https://doi.org/10.1038/s41392-022-00947-7. 

[6] I. Dagogo-Jack, A.T. Shaw, Tumour heterogeneity and resistance to cancer therapies, 

Nat. Rev., Clin. Oncol. 15 (2018) 81–94. https://doi.org/10.1038/nrclinonc.2017.166. 

[7] A. Younes, J.M. Connors, S.I. Park, M. Fanale, M.M. O’Meara, N.N. Hunder, D. 

Huebner, S.M. Ansell, Brentuximab vedotin combined with ABVD or AVD for patients 

with newly diagnosed Hodgkin’s lymphoma: a phase 1, open-label, dose-escalation 

study, Lancet, Oncol. 14 (2013) 1348–1356. https://doi.org/10.1016/S1470-

2045(13)70501-1. 

[8] M.A. Fanale, S.M. Horwitz, A. Forero-Torres, N.L. Bartlett, R.H. Advani, B. Pro, R.W. 

Chen, A. Davies, T. Illidge, D. Huebner, D.A. Kennedy, A.R. Shustov, Brentuximab 

vedotin in the front-line treatment of patients with CD30+ peripheral T-cell 

lymphomas: results of a phase I study, J. Clin. Oncol.: Off. J. Am. Soc. Clin. Oncol. 32 

(2014) 3137–3143. https://doi.org/10.1200/JCO.2013.54.2456. 

[9] Q. Wei, P. Li, T. Yang, J. Zhu, L. Sun, Z. Zhang, L. Wang, X. Tian, J. Chen, C. Hu, J. Xue, 

L. Ma, T. Shimura, J. Fang, J. Ying, P. Guo, X. Cheng, The promise and challenges of 

combination therapies with antibody-drug conjugates in solid tumors, J. Hematol. 

Oncol. 17 (2024) 1. https://doi.org/10.1186/s13045-023-01509-2. 

[10] C.M. Yamazaki, A. Yamaguchi, Y. Anami, W. Xiong, Y. Otani, J. Lee, N.T. Ueno, N. 

Zhang, Z. An, K. Tsuchikama, Antibody-drug conjugates with dual payloads for 

combating breast tumor heterogeneity and drug resistance, Nat. Commun. 12 (2021) 

3528. https://doi.org/10.1038/s41467-021-23793-7. 

[11] M.R. Levengood, X. Zhang, J.H. Hunter, K.K. Emmerton, J.B. Miyamoto, T.S. Lewis, P.D. 

Senter, Orthogonal cysteine protection enables homogeneous multi-drug antibody-

drug conjugates, Angew. Chem. (Int. Ed, Engl.) 56 (2017) 733–737. 

https://doi.org/10.1002/anie.201608292. 

[12] N. Nilchan, X. Li, L. Pedzisa, A.R. Nanna, W.R. Roush, C. Rader, Dual-mechanistic 

antibody-drug conjugate via site-specific selenocysteine/cysteine conjugation, Antib. 

Ther. 2 (2019) 71–78. https://doi.org/10.1093/abt/tbz009. 

[13] A. Beck, L. Goetsch, C. Dumontet, N. Corvaïa, Strategies and challenges for the next 

generation of antibody-drug conjugates, Nat. Rev., Drug Discov. 16 (2017) 315–337. 

https://doi.org/10.1038/nrd.2016.268. 

[14] N.K. Damle, P. Frost, Antibody-targeted chemotherapy with immunoconjugates of 

calicheamicin, Curr. Opin. Pharmacol. 3 (2003) 386–390. 

https://doi.org/10.1016/s1471-4892(03)00083-3. 

[15] C.H. Chau, P.S. Steeg, W.D. Figg, Antibody-drug conjugates for cancer, Lancet (Lond. 

Engl.) 394 (2019) 793–804. https://doi.org/10.1016/S0140-6736(19)31774-X. 

[16] A. Beck, T. Wurch, C. Bailly, N. Corvaia, Strategies and challenges for the next 

Jo
urn

al 
Pre-

pro
of



50 

 

generation of therapeutic antibodies, Nat. Rev., Immunol. 10 (2010) 345–352. 

https://doi.org/10.1038/nri2747. 

[17] D. Schumacher, J. Helma, A.F.L. Schneider, H. Leonhardt, C.P.R. Hackenberger, 

Nanobodies: chemical functionalization strategies and intracellular applications, 

Angew. Chem. (Int. Ed, Engl.) 57 (2018) 2314–2333. 

https://doi.org/10.1002/anie.201708459. 

[18] M.A. Subhan, V.P. Torchilin, Advances in targeted therapy of breast cancer with 

antibody-drug conjugate, Pharmaceutics 15 (2023) 1242. 

https://doi.org/10.3390/pharmaceutics15041242. 

[19] S.C. Alley, D.R. Benjamin, S.C. Jeffrey, N.M. Okeley, D.L. Meyer, R.J. Sanderson, P.D. 

Senter, Contribution of linker stability to the activities of anticancer 

immunoconjugates, Bioconjugate Chem. 19 (2008) 759–765. 

https://doi.org/10.1021/bc7004329. 

[20] J.Z. Drago, S. Modi, S. Chandarlapaty, Unlocking the potential of antibody-drug 

conjugates for cancer therapy, Nat. Rev., Clin. Oncol. 18 (2021) 327–344. 

https://doi.org/10.1038/s41571-021-00470-8. 

[21] C. Theocharopoulos, P.-P. Lialios, M. Samarkos, H. Gogas, D.C. Ziogas, Antibody-

Drug Conjugates: Functional Principles and Applications in Oncology and Beyond, 

Vaccines 9 (2021) 1111. https://doi.org/10.3390/vaccines9101111. 

[22] L. Xu, S.L. Kuan, T. Weil, Contemporary approaches for site-selective dual 

functionalization of proteins, Angew. Chem. Int. Ed. 60 (2021) 13757–13777. 

https://doi.org/10.1002/anie.202012034. 

[23] E. Gil de Montes, E. Jiménez-Moreno, B.L. Oliveira, C.D. Navo, P.M.S.D. Cal, G. 

Jiménez-Osés, I. Robina, A.J. Moreno-Vargas, G.J.L. Bernardes, Azabicyclic vinyl 

sulfones for residue-specific dual protein labelling, Chem. Sci. 10 (2019) 4515–4522. 

https://doi.org/10.1039/c9sc00125e. 

[24] A. Novak, F. Kersaudy, S. Berger, S. Morisset-Lopez, F. Lefoulon, C. Pifferi, V. Aucagne, 

An efficient site-selective, dual bioconjugation approach exploiting N-terminal 

cysteines as minimalistic handles to engineer tailored anti-HER2 affibody conjugates, 

Eur. J. Med. Chem. 260 (2023) 115747. https://doi.org/10.1016/j.ejmech.2023.115747. 

[25] Y. Anami, W. Xiong, X. Gui, M. Deng, C.C. Zhang, N. Zhang, Z. An, K. Tsuchikama, 

Enzymatic conjugation using branched linkers for constructing homogeneous 

antibody-drug conjugates with high potency, Org. Biomol. Chem. 15 (2017) 5635–

5642. https://doi.org/10.1039/c7ob01027c. 

[26] K.J. Hamblett, P.D. Senter, D.F. Chace, M.M.C. Sun, J. Lenox, C.G. Cerveny, K.M. Kissler, 

S.X. Bernhardt, A.K. Kopcha, R.F. Zabinski, D.L. Meyer, J.A. Francisco, Effects of drug 

loading on the antitumor activity of a monoclonal antibody drug conjugate, Clin. 

Cancer Res.: Off. J. Am. Assoc. Cancer Res. 10 (2004) 7063–7070. 

https://doi.org/10.1158/1078-0432.CCR-04-0789. 

[27] A.V. Kamath, S. Iyer, Preclinical pharmacokinetic considerations for the development 

of antibody drug conjugates, Pharm. Res. 32 (2015) 3470–3479. 

https://doi.org/10.1007/s11095-014-1584-z. 

[28] X. Sun, J.F. Ponte, N.C. Yoder, R. Laleau, J. Coccia, L. Lanieri, Q. Qiu, R. Wu, E. Hong, 

M. Bogalhas, L. Wang, L. Dong, Y. Setiady, E.K. Maloney, O. Ab, X. Zhang, J. Pinkas, 

Jo
urn

al 
Pre-

pro
of



51 

 

T.A. Keating, R. Chari, H.K. Erickson, J.M. Lambert, Effects of drug-antibody ratio on 

pharmacokinetics, biodistribution, efficacy, and tolerability of antibody-maytansinoid 

conjugates, Bioconjugate Chem. 28 (2017) 1371–1381. 

https://doi.org/10.1021/acs.bioconjchem.7b00062. 

[29] R.P. Lyon, T.D. Bovee, S.O. Doronina, P.J. Burke, J.H. Hunter, H.D. Neff-LaFord, M. 

Jonas, M.E. Anderson, J.R. Setter, P.D. Senter, Reducing hydrophobicity of 

homogeneous antibody-drug conjugates improves pharmacokinetics and 

therapeutic index, Nat. Biotechnol. 33 (2015) 733–735. 

https://doi.org/10.1038/nbt.3212. 

[30] H.D. King, G.M. Dubowchik, H. Mastalerz, D. Willner, S.J. Hofstead, R.A. Firestone, S.J. 

Lasch, P.A. Trail, Monoclonal antibody conjugates of doxorubicin prepared with 

branched peptide linkers:  inhibition of aggregation by methoxytriethyleneglycol 

chains, J. Med. Chem. 45 (2002) 4336–4343. https://doi.org/10.1021/jm020149g. 

[31] P.J. Burke, J.Z. Hamilton, S.C. Jeffrey, J.H. Hunter, S.O. Doronina, N.M. Okeley, J.B. 

Miyamoto, M.E. Anderson, I.J. Stone, M.L. Ulrich, J.K. Simmons, E.E. McKinney, P.D. 

Senter, R.P. Lyon, Optimization of a PEGylated glucuronide-monomethylauristatin E 

linker for antibody-drug conjugates, Mol. Cancer Ther. 16 (2017) 116–123. 

https://doi.org/10.1158/1535-7163.MCT-16-0343. 

[32] P. Ochtrop, J. Jahzerah, P. Machui, I. Mai, D. Schumacher, J. Helma, M.-A. Kasper, 

C.P.R. Hackenberger, Compact hydrophilic electrophiles enable highly efficacious 

high DAR ADCs with excellent in vivo PK profile, Chem. Sci. 14 (2023) 2259–2266. 

https://doi.org/10.1039/d2sc05678j. 

[33] L. Conilh, G. Fournet, E. Fourmaux, A. Murcia, E.-L. Matera, B. Joseph, C. Dumontet, W. 

Viricel, Exatecan antibody drug conjugates based on a hydrophilic polysarcosine 

drug-linker platform, Pharm. (Basel Switz.) 14 (2021) 247. 

https://doi.org/10.3390/ph14030247. 

[34] W. Viricel, G. Fournet, S. Beaumel, E. Perrial, S. Papot, C. Dumontet, B. Joseph, 

Monodisperse polysarcosine-based highly-loaded antibody-drug conjugates, Chem. 

Sci. 10 (2019) 4048–4053. https://doi.org/10.1039/c9sc00285e. 

[35] T. Tedeschini, B. Campara, A. Grigoletto, M. Bellini, M. Salvalaio, Y. Matsuno, A. Suzuki, 

H. Yoshioka, G. Pasut, Polyethylene glycol-based linkers as hydrophilicity reservoir for 

antibody-drug conjugates, J. Control. Release: Off. J. Control. Release Soc. 337 (2021) 

431–447. https://doi.org/10.1016/j.jconrel.2021.07.041. 

[36] S. Bhakta, H. Raab, J.R. Junutula, Engineering THIOMABs for site-specific conjugation 

of thiol-reactive linkers, Methods Mol. Biol. (Clifton N.J.) 1045 (2013) 189–203. 

https://doi.org/10.1007/978-1-62703-541-5_11. 

[37] A.H. Staudacher, M.P. Brown, Antibody drug conjugates and bystander killing: is 

antigen-dependent internalisation required?, Br. J. Cancer 117 (2017) 1736–1742. 

https://doi.org/10.1038/bjc.2017.367. 

[38] R.O. Abelman, B. Wu, L.M. Spring, L.W. Ellisen, A. Bardia, Mechanisms of resistance to 

antibody-drug conjugates, Cancers 15 (2023) 1278. 

https://doi.org/10.3390/cancers15041278. 

[39] S.O. Doronina, B.A. Mendelsohn, T.D. Bovee, C.G. Cerveny, S.C. Alley, D.L. Meyer, E. 

Oflazoglu, B.E. Toki, R.J. Sanderson, R.F. Zabinski, A.F. Wahl, P.D. Senter, Enhanced 

Jo
urn

al 
Pre-

pro
of



52 

 

activity of monomethylauristatin F through monoclonal antibody delivery: effects of 

linker technology on efficacy and toxicity, Bioconjugate Chem. 17 (2006) 114–124. 

https://doi.org/10.1021/bc0502917. 

[40] N.G. Caculitan, J. Dela Cruz Chuh, Y. Ma, D. Zhang, K.R. Kozak, Y. Liu, T.H. Pillow, J. 

Sadowsky, T.K. Cheung, Q. Phung, B. Haley, B.-C. Lee, R.W. Akita, M.X. Sliwkowski, 

A.G. Polson, Cathepsin B Is dispensable for cellular processing of Cathepsin B-

cleavable antibody-drug conjugates, Cancer Res. 77 (2017) 7027–7037. 

https://doi.org/10.1158/0008-5472.CAN-17-2391. 

[41] S.J. Gregson, L.A. Masterson, B. Wei, T.H. Pillow, S.D. Spencer, G.-D. Kang, S.-F. Yu, H. 

Raab, J. Lau, G. Li, G.D. Lewis Phillips, J. Gunzner-Toste, B.S. Safina, R. Ohri, M. 

Darwish, K.R. Kozak, J. Dela Cruz-Chuh, A. Polson, J.A. Flygare, P.W. Howard, 

Pyrrolobenzodiazepine dimer antibody-drug conjugates: synthesis and evaluation of 

noncleavable drug-Linkers, J. Med. Chem. 60 (2017) 9490–9507. 

https://doi.org/10.1021/acs.jmedchem.7b00736. 

[42] A.G. Polson, J. Calemine-Fenaux, P. Chan, W. Chang, E. Christensen, S. Clark, F.J. de 

Sauvage, D. Eaton, K. Elkins, J.M. Elliott, G. Frantz, R.N. Fuji, A. Gray, K. Harden, G.S. 

Ingle, N.M. Kljavin, H. Koeppen, C. Nelson, S. Prabhu, H. Raab, S. Ross, D.S. Slaga, J.-P. 

Stephan, S.J. Scales, S.D. Spencer, R. Vandlen, B. Wranik, S.-F. Yu, B. Zheng, A. Ebens, 

Antibody-drug conjugates for the treatment of non-Hodgkin’s lymphoma: target 

and linker-drug selection, Cancer Res. 69 (2009) 2358–2364. 

https://doi.org/10.1158/0008-5472.CAN-08-2250. 

[43] K. Tsuchikama, Z. An, Antibody-drug conjugates: recent advances in conjugation and 

linker chemistries, Protein Cell 9 (2018) 33–46. https://doi.org/10.1007/s13238-016-

0323-0. 

[44] S.C. Alley, X. Zhang, N.M. Okeley, M. Anderson, C.-L. Law, P.D. Senter, D.R. Benjamin, 

The pharmacologic basis for antibody-auristatin conjugate activity, J. Pharmacol. Exp. 

Ther. 330 (2009) 932–938. https://doi.org/10.1124/jpet.109.155549. 

[45] Z. Wang, H. Li, L. Gou, W. Li, Y. Wang, Antibody-drug conjugates: recent advances in 

payloads, Acta Pharm. Sin., B 13 (2023) 4025–4059. 

https://doi.org/10.1016/j.apsb.2023.06.015. 

[46] P. Zhao, Y. Zhang, W. Li, C. Jeanty, G. Xiang, Y. Dong, Recent advances of antibody 

drug conjugates for clinical applications, Acta Pharm Sin B 10 (2020) 1589–1600. 

https://doi.org/10.1016/j.apsb.2020.04.012. 

[47] J. Fuentes-Antrás, S. Genta, A. Vijenthira, L.L. Siu, Antibody-drug conjugates: in 

search of partners of choice, Trends Cancer 9 (2023) 339–354. 

https://doi.org/10.1016/j.trecan.2023.01.003. 

[48] F. Giugliano, C. Corti, P. Tarantino, F. Michelini, G. Curigliano, Bystander effect of 

antibody-drug conjugates: fact or fiction?, Curr. Oncol. Rep. 24 (2022) 809–817. 

https://doi.org/10.1007/s11912-022-01266-4. 

[49] M. Janzer, G. Larbig, A. Kübelbeck, A. Wischnjow, U. Haberkorn, W. Mier, Drug 

conjugation affects pharmacokinetics and specificity of kidney-targeted peptide 

carriers, Bioconjugate Chem. 27 (2016) 2441–2449. 

https://doi.org/10.1021/acs.bioconjchem.6b00397. 

[50] B. Bernardim, M.J. Matos, X. Ferhati, I. Compañón, A. Guerreiro, P. Akkapeddi, A.C.B. 

Jo
urn

al 
Pre-

pro
of



53 

 

Burtoloso, G. Jiménez-Osés, F. Corzana, G.J.L. Bernardes, Efficient and irreversible 

antibody–cysteine bioconjugation using carbonylacrylic reagents, Nat Protoc 14 

(2019) 86–99. https://doi.org/10.1038/s41596-018-0083-9. 

[51] S.J. Walsh, J. Iegre, H. Seki, J.D. Bargh, H.F. Sore, J.S. Parker, J.S. Carroll, D.R. Spring, 

General dual functionalisation of biomacromolecules via a cysteine bridging strategy, 

Org. Biomol. Chem. 18 (2020) 4224–4230. https://doi.org/10.1039/d0ob00907e. 

[52] S. Panowski, S. Bhakta, H. Raab, P. Polakis, J.R. Junutula, Site-specific antibody drug 

conjugates for cancer therapy, mAbs 6 (2014) 34–45. 

https://doi.org/10.4161/mabs.27022. 

[53] D. Schumacher, C.P.R. Hackenberger, H. Leonhardt, J. Helma, Current status: site-

specific antibody drug conjugates, J. Clin. Immunol. 36 (2016) 100. 

https://doi.org/10.1007/s10875-016-0265-6. 

[54] Chemical methods for selective labeling of proteins, European Journal of Organic 

Chemistry 2019 (2019) 6749–6763. https://doi.org/10.1002/ejoc.201900801. 

[55] E.A. Hoyt, P.M.S.D. Cal, B.L. Oliveira, G.J.L. Bernardes, Contemporary approaches to 

site-selective protein modification, Nat Rev Chem 3 (2019) 147–171. 

https://doi.org/10.1038/s41570-019-0079-1. 

[56] S. J. Walsh, J. D. Bargh, F. M. Dannheim, A. R. Hanby, H. Seki, A. J. Counsell, X. Ou, E. 

Fowler, N. Ashman, Y. Takada, A. Isidro-Llobet, J. S. Parker, J. S. Carroll, D. R. Spring, 

Site-selective modification strategies in antibody–drug conjugates, Chem. Soc. Rev. 

50 (2021) 1305–1353. https://doi.org/10.1039/D0CS00310G. 

[57] C.E. Hoyle, C.N. Bowman, Thiol-Ene Click Chemistry, Angew. Chem. Int. Ed. 49 (2010) 

1540–1573. https://doi.org/10.1002/anie.200903924. 

[58] S.C. Jeffrey, P.J. Burke, R.P. Lyon, D.W. Meyer, D. Sussman, M. Anderson, J.H. Hunter, 

C.I. Leiske, J.B. Miyamoto, N.D. Nicholas, N.M. Okeley, R.J. Sanderson, I.J. Stone, W. 

Zeng, S.J. Gregson, L. Masterson, A.C. Tiberghien, P.W. Howard, D.E. Thurston, C.-L. 

Law, P.D. Senter, A potent anti-CD70 antibody-drug conjugate combining a dimeric 

pyrrolobenzodiazepine drug with site-specific conjugation technology, Bioconjugate 

Chem. 24 (2013) 1256–1263. https://doi.org/10.1021/bc400217g. 

[59] R.P. Lyon, J.R. Setter, T.D. Bovee, S.O. Doronina, J.H. Hunter, M.E. Anderson, C.L. 

Balasubramanian, S.M. Duniho, C.I. Leiske, F. Li, P.D. Senter, Self-hydrolyzing 

maleimides improve the stability and pharmacological properties of antibody-drug 

conjugates, Nat Biotechnol 32 (2014) 1059–1062. https://doi.org/10.1038/nbt.2968. 

[60] G.C. Kemp, A.C. Tiberghien, N.V. Patel, F. D’Hooge, S.M. Nilapwar, L.R. Adams, S. 

Corbett, D.G. Williams, J.A. Hartley, P.W. Howard, Synthesis and in vitro evaluation of 

SG3227, a pyrrolobenzodiazepine dimer antibody-drug conjugate payload based on 

sibiromycin, Bioorg Med Chem Lett 27 (2017) 1154–1158. 

https://doi.org/10.1016/j.bmcl.2017.01.074. 

[61] J.P.M. Nunes, M. Morais, V. Vassileva, E. Robinson, V.S. Rajkumar, M.E.B. Smith, R.B. 

Pedley, S. Caddick, J.R. Baker, V. Chudasama, Functional native disulfide bridging 

enables delivery of a potent, stable and targeted antibody–drug conjugate (ADC), 

Chem. Commun. 51 (2015) 10624–10627. https://doi.org/10.1039/C5CC03557K. 

[62] B.L. Oliveira, B.J. Stenton, V.B. Unnikrishnan, C.R. de Almeida, J. Conde, M. Negrão, 

F.S.S. Schneider, C. Cordeiro, M.G. Ferreira, G.F. Caramori, J.B. Domingos, R. Fior, G.J.L. 

Jo
urn

al 
Pre-

pro
of



54 

 

Bernardes, Platinum-triggered bond-cleavage of pentynoyl amide and N-propargyl 

handles for drug-activation, J Am Chem Soc 142 (2020) 10869–10880. 

https://doi.org/10.1021/jacs.0c01622. 

[63] X. Li, C.G. Nelson, R.R. Nair, L. Hazlehurst, T. Moroni, P. Martinez-Acedo, A.R. Nanna, 

D. Hymel, T.R. Burke, C. Rader, Stable and potent selenomab-drug conjugates, Cell 

Chem. Biol. 24 (2017) 433-442.e6. https://doi.org/10.1016/j.chembiol.2017.02.012. 

[64] T.J. Hallam, E. Wold, A. Wahl, V.V. Smider, Antibody conjugates with unnatural amino 

acids, Mol. Pharm. 12 (2015) 1848–1862. 

https://doi.org/10.1021/acs.molpharmaceut.5b00082. 

[65] H. Xiao, A. Chatterjee, S. Choi, K.M. Bajjuri, S.C. Sinha, P.G. Schultz, Genetic 

incorporation of multiple unnatural amino acids into proteins in mammalian cells, 

Angew. Chem. (Int. Ed, Engl.) 52 (2013) 14080–14083. 

https://doi.org/10.1002/anie.201308137. 

[66] S.J. Walsh, J.D. Bargh, F.M. Dannheim, A.R. Hanby, H. Seki, A.J. Counsell, X. Ou, E. 

Fowler, N. Ashman, Y. Takada, A. Isidro-Llobet, J.S. Parker, J.S. Carroll, D.R. Spring, 

Site-selective modification strategies in antibody-drug conjugates, Chem. Soc. Rev. 

50 (2021) 1305–1353. https://doi.org/10.1039/d0cs00310g. 

[67] D.L. Dunkelmann, J.C.W. Willis, A.T. Beattie, J.W. Chin, Engineered triply orthogonal 

pyrrolysyl-tRNA synthetase/tRNA pairs enable the genetic encoding of three distinct 

non-canonical amino acids, Nat. Chem. 12 (2020) 535–544. 

https://doi.org/10.1038/s41557-020-0472-x. 

[68] A.O. Osgood, Y. Zheng, S.J.S. Roy, N. Biris, M. Hussain, C. Loynd, D. Jewel, J.S. Italia, A. 

Chatterjee, An efficient opal-suppressor tryptophanyl pair creates new routes for 

simultaneously incorporating up to three distinct noncanonical amino acids into 

proteins in mammalian cells, Angew. Chem. (Int. Ed, Engl.) 62 (2023) e202219269. 

https://doi.org/10.1002/anie.202219269. 

[69] S. Dickgiesser, M. Rieker, D. Mueller-Pompalla, C. Schröter, J. Tonillo, S. Warszawski, S. 

Raab-Westphal, S. Kühn, T. Knehans, D. Könning, J. Dotterweich, U.A.K. Betz, J. Anderl, 

S. Hecht, N. Rasche, Site-specific conjugation of native antibodies using engineered 

microbial transglutaminases, Bioconjugate Chem. 31 (2020) 1070–1076. 

https://doi.org/10.1021/acs.bioconjchem.0c00061. 

[70] D.N. Thornlow, E.C. Cox, J.A. Walker, M. Sorkin, J.B. Plesset, M.P. DeLisa, C.A. Alabi, 

Dual site-specific antibody conjugates for sequential and orthogonal cargo release, 

Bioconjugate Chem. 30 (2019) 1702–1710. 

https://doi.org/10.1021/acs.bioconjchem.9b00244. 

[71] T.J. Harmand, D. Bousbaine, A. Chan, X. Zhang, D.R. Liu, J.P. Tam, H.L. Ploegh, One-

pot dual labeling of IgG 1 and preparation of C-to-C fusion proteins through a 

combination of sortase a and butelase 1, Bioconjugate Chem. 29 (2018) 3245–3249. 

https://doi.org/10.1021/acs.bioconjchem.8b00563. 

[72] P.M. Drake, A.E. Albers, J. Baker, S. Banas, R.M. Barfield, A.S. Bhat, G.W. de Hart, A.W. 

Garofalo, P. Holder, L.C. Jones, R. Kudirka, J. McFarland, W. Zmolek, D. Rabuka, 

Aldehyde tag coupled with HIPS chemistry enables the production of ADCs 

conjugated site-specifically to different antibody regions with distinct in vivo efficacy 

and PK outcomes, Bioconjugate Chem. 25 (2014) 1331–1341. 

Jo
urn

al 
Pre-

pro
of



55 

 

https://doi.org/10.1021/bc500189z. 

[73] N. Forte, V. Chudasama, J.R. Baker, Homogeneous antibody-drug conjugates via 

site-selective disulfide bridging, Drug Discov. Today: Technol. 30 (2018) 11–20. 

https://doi.org/10.1016/j.ddtec.2018.09.004. 

[74] N. Forte, V. Chudasama, J.R. Baker, Homogeneous antibody-drug conjugates via 

site-selective disulfide bridging, Drug Discovery Today: Technologies 30 (2018) 11–

20. https://doi.org/10.1016/j.ddtec.2018.09.004. 

[75] G. Badescu, P. Bryant, M. Bird, K. Henseleit, J. Swierkosz, V. Parekh, R. Tommasi, E. 

Pawlisz, K. Jurlewicz, M. Farys, N. Camper, X. Sheng, M. Fisher, R. Grygorash, A. Kyle, 

A. Abhilash, M. Frigerio, J. Edwards, A. Godwin, Bridging disulfides for stable and 

defined antibody drug conjugates, Bioconjug Chem 25 (2014) 1124–1136. 

https://doi.org/10.1021/bc500148x. 

[76] C.R. Behrens, E.H. Ha, L.L. Chinn, S. Bowers, G. Probst, M. Fitch-Bruhns, J. Monteon, A. 

Valdiosera, A. Bermudez, S. Liao-Chan, T. Wong, J. Melnick, J.-W. Theunissen, M.R. 

Flory, D. Houser, K. Venstrom, Z. Levashova, P. Sauer, T.-S. Migone, E.H. van der 

Horst, R.L. Halcomb, D.Y. Jackson, Antibody-drug conjugates (ADCs) derived from 

interchain cysteine cross-linking demonstrate improved homogeneity and other 

pharmacological properties over conventional heterogeneous ADCs, Mol Pharm 12 

(2015) 3986–3998. https://doi.org/10.1021/acs.molpharmaceut.5b00432. 

[77] J.P. M. Nunes, M. Morais, V. Vassileva, E. Robinson, V. S. Rajkumar, M.E. B. Smith, R. 

Barbara Pedley, S. Caddick, J. R. Baker, V. Chudasama, Functional native disulfide 

bridging enables delivery of a potent, stable and targeted antibody–drug conjugate 

(ADC), Chemical Communications 51 (2015) 10624–10627. 

https://doi.org/10.1039/C5CC03557K. 

[78] A.R. Hanby, S.J. Walsh, A.J. Counsell, N. Ashman, K.T. Mortensen, J.S. Carroll, D.R. 

Spring, Antibody dual-functionalisation enabled through a modular divinylpyrimidine 

disulfide rebridging strategy, Chem. Commun. (Camb. Engl.) 58 (2022) 9401–9404. 

https://doi.org/10.1039/d2cc02515a. 

[79] S. Manabe, Y. Yamaguchi, Antibody glycoengineering and homogeneous antibody-

drug conjugate preparation, Chem. Rec. (N. Y. N.Y.) 21 (2021) 3005–3014. 

https://doi.org/10.1002/tcr.202100054. 

[80] W. Shi, W. Li, J. Zhang, T. Li, Y. Song, Y. Zeng, Q. Dong, Z. Lin, L. Gong, S. Fan, F. Tang, 

W. Huang, One-step synthesis of site-specific antibody-drug conjugates by 

reprograming IgG glycoengineering with LacNAc-based substrates, Acta Pharm. Sin., 

B 12 (2022) 2417–2428. https://doi.org/10.1016/j.apsb.2021.12.013. 

[81] H.C. Kolb, M.G. Finn, K.B. Sharpless, Click chemistry: diverse chemical function from a 

few good reactions, Angew. Chem. (Int. Ed, Engl.) 40 (2001) 2004–2021. 

https://doi.org/10.1002/1521-3773(20010601)40:11<2004::AID-ANIE2004>3.0.CO;2-

5. 

[82] A. Maruani, D.A. Richards, V. Chudasama, Dual modification of biomolecules, Org. 

Biomol. Chem. 14 (2016) 6165–6178. https://doi.org/10.1039/c6ob01010e. 

[83] J.A. Walker, J.J. Bohn, F. Ledesma, M.R. Sorkin, S.R. Kabaria, D.N. Thornlow, C.A. Alabi, 

Substrate design enables heterobifunctional, dual “click” antibody modification via 

microbial transglutaminase, Bioconjugate Chem. 30 (2019) 2452–2457. 

Jo
urn

al 
Pre-

pro
of



56 

 

https://doi.org/10.1021/acs.bioconjchem.9b00522. 

[84] A. Kumar, K. Kinneer, L. Masterson, E. Ezeadi, P. Howard, H. Wu, C. Gao, N. Dimasi, 

Synthesis of a heterotrifunctional linker for the site-specific preparation of antibody-

drug conjugates with two distinct warheads, Bioorg. Med. Chem. Lett. 28 (2018) 

3617–3621. https://doi.org/10.1016/j.bmcl.2018.10.043. 

[85] R. van Geel, M.A. Wijdeven, R. Heesbeen, J.M.M. Verkade, A.A. Wasiel, S.S. van Berkel, 

F.L. van Delft, Chemoenzymatic conjugation of toxic payloads to the globally 

conserved N-glycan of native mAbs provides homogeneous and highly efficacious 

antibody-drug conjugates, Bioconjugate Chem. 26 (2015) 2233–2242. 

https://doi.org/10.1021/acs.bioconjchem.5b00224. 

[86] J.C. Jewett, C.R. Bertozzi, Cu-free click cycloaddition reactions in chemical biology, 

Chem. Soc. Rev. 39 (2010) 1272–1279. https://doi.org/10.1039/B901970G. 

[87] R.K.V. Lim, Q. Lin, Bioorthogonal chemistry: recent progress and future directions, 

Chem. Commun. 46 (2010) 1589–1600. https://doi.org/10.1039/B925931G. 

[88] T.I. Chio, S.L. Bane, Click chemistry conjugations, Methods Mol. Biol. (Clifton N.J.) 

2078 (2020) 83–97. https://doi.org/10.1007/978-1-4939-9929-3_6. 

[89] P.S. Addy, S.B. Erickson, J.S. Italia, A. Chatterjee, A chemoselective rapid azo-coupling 

reaction (CRACR) for unclickable bioconjugation, J. Am. Chem. Soc. 139 (2017) 

11670–11673. https://doi.org/10.1021/jacs.7b05125. 

[90] S.L. Scinto, D.A. Bilodeau, R. Hincapie, W. Lee, S.S. Nguyen, M. Xu, C.W. am Ende, 

M.G. Finn, K. Lang, Q. Lin, J.P. Pezacki, J.A. Prescher, M.S. Robillard, J.M. Fox, 

Bioorthogonal chemistry, Nat. Rev. Methods Primers 1 (2021) 1–23. 

https://doi.org/10.1038/s43586-021-00028-z. 

[91] J.R. Duvall, M. Damelin, M.V. Kozytska, B.J. Nehilla, M. Protopopova, P.R. Conlon, L. 

Qin, M. Nazzaro, J.D. Thomas, Q. Zhang, D. Toader, T.B. Lowinger, Abstract 232: An 

antibody-drug conjugate carrying a microtubule inhibitor and a DNA alkylator exerts 

both mechanisms of action on tumor cells, Cancer Research 79 (2019) 232. 

https://doi.org/10.1158/1538-7445.AM2019-232. 

[92] C. Tang, Y. Zeng, J. Zhang, X. Zheng, F. Tang, X. Yao, Z.-X. Jiang, W. Shi, W. Huang, 

One-pot assembly of dual-site-specific antibody–drug conjugates via glycan 

remodeling and affinity-directed traceless conjugation, Bioconjugate Chem. 34 (2023) 

748–755. https://doi.org/10.1021/acs.bioconjchem.3c00048. 

[93] M. Xiong, B. Fan, X. Gao, Y. Sun, C. Lv, Y. Si, X. Liu, L. Shi, P.H. Song, G. Qin, Abstract 

2640: An innovative site-specific dual-payload antibody drug conjugate (dpADC) 

combining a novel Topo1 inhibitor and an immune agonist delivers a strong 

immunogenic cell death (ICD) and antitumor response in vitro and in vivo, Cancer 

Res. 83 (2023) 2640. https://doi.org/10.1158/1538-7445.AM2023-2640. 

[94] L. Wang, M. Xiong, X. Gao, C. Zhou, Y. Han, Y. Li, J. Wang, L. Shi, G. Qin, P.H. Song, 

Abstract 2114: Enhancing therapeutic strategies for osimertinib-resistant EGFR-

mutant NSCLC: A HER3 dual-payload ADC (dpADC) with topoisomerase I and EGFR 

tyrosine kinase inhibitor, Cancer Research 84 (2024) 2114. 

https://doi.org/10.1158/1538-7445.AM2024-2114. 

[95] D.C. Kennedy, C.S. McKay, M.C.B. Legault, D.C. Danielson, J.A. Blake, A.F. Pegoraro, A. 

Stolow, Z. Mester, J.P. Pezacki, Cellular consequences of copper complexes used to 

Jo
urn

al 
Pre-

pro
of



57 

 

catalyze bioorthogonal click reactions, J. Am. Chem. Soc. 133 (2011) 17993–18001. 

https://doi.org/10.1021/ja2083027. 

[96] A. Wakankar, Y. Chen, Y. Gokarn, F.S. Jacobson, Analytical methods for 

physicochemical characterization of antibody drug conjugates, mAbs 3 (2011) 161–

172. https://doi.org/10.4161/mabs.3.2.14960. 

[97] V. Kayser, N. Chennamsetty, V. Voynov, B. Helk, K. Forrer, B.L. Trout, Evaluation of a 

non-Arrhenius model for therapeutic monoclonal antibody aggregation, J. Pharm. 

Sci. 100 (2011) 2526–2542. https://doi.org/10.1002/jps.22493. 

[98] Y. Chen, Drug-to-antibody ratio (DAR) by UV/Vis spectroscopy, Methods Mol. Biol. 

(Clifton N.J.) 1045 (2013) 267–273. https://doi.org/10.1007/978-1-62703-541-5_16. 

[99] C.M. Mckertish, V. Kayser, A novel dual-payload ADC for the treatment of HER2+ 

breast and colon cancer, Pharmaceutics 15 (2023) 2020. 

https://doi.org/10.3390/pharmaceutics15082020. 

[100] A.R. Nanna, X. Li, E. Walseng, L. Pedzisa, R.S. Goydel, D. Hymel, T.R. Burke, W.R. 

Roush, C. Rader, Harnessing a catalytic lysine residue for the one-step preparation of 

homogeneous antibody-drug conjugates, Nat. Commun. 8 (2017) 1112. 

https://doi.org/10.1038/s41467-017-01257-1. 

[101] D. Hwang, N. Nilchan, A.R. Nanna, X. Li, M.D. Cameron, W.R. Roush, H. Park, C. Rader, 

Site-selective antibody functionalization via orthogonally reactive arginine and lysine 

residues, Cell Chem. Biol. 26 (2019) 1229-1239.e9. 

https://doi.org/10.1016/j.chembiol.2019.05.010. 

[102] D. Hwang, N. Nilchan, H. Park, R.N. Roy, W.R. Roush, C. Rader, Sculpting a uniquely 

reactive cysteine residue for site-specific antibody conjugation, Bioconjugate Chem. 

33 (2022) 1192–1200. https://doi.org/10.1021/acs.bioconjchem.2c00146. 

[103] X. Li, J.T. Patterson, M. Sarkar, L. Pedzisa, T. Kodadek, W.R. Roush, C. Rader, Site-

specific dual antibody conjugation via engineered cysteine and selenocysteine 

residues, Bioconjugate Chem. 26 (2015) 2243–2248. 

https://doi.org/10.1021/acs.bioconjchem.5b00244. 

[104] L. Zhang, Z. Wang, Z. Wang, F. Luo, M. Guan, M. Xu, Y. Li, Y. Zhang, Z. Wang, W. 

Wang, A simple and efficient method to generate dual site-specific conjugation 

ADCs with cysteine residue and an unnatural amino acid, Bioconjugate Chem. 32 

(2021) 1094–1104. https://doi.org/10.1021/acs.bioconjchem.1c00134. 

[105] Y. Wang, J. Zhang, B. Han, L. Tan, W. Cai, Y. Li, Y. Su, Y. Yu, X. Wang, X. Duan, H. 

Wang, X. Shi, J. Wang, X. Yang, T. Liu, Noncanonical amino acids as doubly bio-

orthogonal handles for one-pot preparation of protein multiconjugates, Nat. 

Commun. 14 (2023) 974. https://doi.org/10.1038/s41467-023-36658-y. 

[106] F. Tang, Y. Yang, Y. Tang, S. Tang, L. Yang, B. Sun, B. Jiang, J. Dong, H. Liu, M. Huang, 

M.-Y. Geng, W. Huang, One-pot N-glycosylation remodeling of IgG with non-

natural sialylglycopeptides enables glycosite-specific and dual-payload antibody-

drug conjugates, Org. Biomol. Chem. 14 (2016) 9501–9518. 

https://doi.org/10.1039/c6ob01751g. 

[107] Z. Y, S. W, D. Q, L. W, Z. J, R. X, T. C, L. B, S. Y, W. Y, D. X, Z. H, H. H, T. F, H. W, A 

traceless site-specific conjugation on native antibodies enables efficient one-step 

payload assembly, Angew. Chem. (Int. Ed, Engl.) 61 (2022). 

Jo
urn

al 
Pre-

pro
of



58 

 

https://doi.org/10.1002/anie.202204132. 

[108] K.W. Świderska, A. Szlachcic, Ł. Opaliński, M. Zakrzewska, J. Otlewski, FGF2 dual 

warhead conjugate with monomethyl auristatin E and α-amanitin displays a cytotoxic 

effect towards cancer cells overproducing FGF receptor 1, Int. J. Mol. Sci. 19 (2018) 

2098. https://doi.org/10.3390/ijms19072098. 

[109] M.A. Krzyscik, Ł. Opaliński, J. Otlewski, Novel method for preparation of site-specific, 

stoichiometric-controlled dual warhead conjugate of FGF2 via dimerization 

employing sortase A-mediated ligation, Mol. Pharm. 16 (2019) 3588 – 3599. 

https://doi.org/10.1021/acs.molpharmaceut.9b00434. 

[110] D. Nawrocka, M.A. Krzyscik, K.D. Sluzalska, J. Otlewski, Dual-warhead conjugate 

based on fibroblast growth factor 2 dimer loaded with α-amanitin and monomethyl 

auristatin E exhibits superior cytotoxicity towards cancer cells overproducing 

fibroblast growth factor receptor 1, Int. J. Mol. Sci. 24 (2023) 10143. 

https://doi.org/10.3390/ijms241210143. 

[111] S.J. Walsh, S. Omarjee, W.R.J.D. Galloway, T.T.-L. Kwan, H.F. Sore, J.S. Parker, M. 

Hyvönen, J.S. Carroll, D.R. Spring, A general approach for the site-selective 

modification of native proteins, enabling the generation of stable and functional 

antibody-drug conjugates, Chem. Sci. 10 (2019) 694–700. 

https://doi.org/10.1039/c8sc04645j. 

[112] A. Maruani, M.E.B. Smith, E. Miranda, K.A. Chester, V. Chudasama, S. Caddick, A plug-

and-play approach to antibody-based therapeutics via a chemoselective dual click 

strategy, Nat. Commun. 6 (2015) 6645. https://doi.org/10.1038/ncomms7645. 

[113] F. Thoreau, L.N.C. Rochet, J.R. Baker, V. Chudasama, Enabling the formation of native 

mAb, Fab’ and Fc-conjugates using a bis-disulfide bridging reagent to achieve 

tunable payload-to-antibody ratios (PARs), Chem. Sci. 14 (2023) 3752–3762. 

https://doi.org/10.1039/d2sc06318b. 

[114] J. Rush, C.R. Bertozzi, An α-formylglycine building block for fmoc-based solid-phase 

peptide synthesis, Org. Lett. 8 (2006) 131–134. https://doi.org/10.1021/ol052623t. 

[115] I.S. Carrico, B.L. Carlson, C.R. Bertozzi, Introducing genetically encoded aldehydes 

into proteins, Nat. Chem. Biol. 3 (2007) 321–322. 

https://doi.org/10.1038/nchembio878. 

[116] T. Krüger, S. Weiland, G. Falck, M. Gerlach, M. Boschanski, S. Alam, K.M. Müller, T. 

Dierks, N. Sewald, Two-fold bioorthogonal derivatization by different formylglycine-

generating enzymes, Angew. Chem. Int. Ed. 57 (2018) 7245–7249. 

https://doi.org/10.1002/anie.201803183. 

[117] M. Boschanski, T. Krüger, L. Karsten, G. Falck, S. Alam, M. Gerlach, B. Müller, K.M. 

Müller, N. Sewald, T. Dierks, Site-specific conjugation strategy for dual antibody–drug 

conjugates using aerobic formylglycine-generating enzymes, Bioconjugate Chem. 32 

(2021) 1167–1174. https://doi.org/10.1021/acs.bioconjchem.1c00246. 

[118] R.A. Kudirka, R.M. Barfield, J.M. McFarland, P.M. Drake, A. Carlson, S. Bañas, W. 

Zmolek, A.W. Garofalo, D. Rabuka, Site-specific tandem knoevenagel condensation–

michael addition To generate antibody–drug conjugates, ACS Med. Chem. Lett. 7 

(2016) 994–998. https://doi.org/10.1021/acsmedchemlett.6b00253. 

[119] N. Janson, T. Krüger, L. Karsten, M. Boschanski, T. Dierks, K.M. Müller, N. Sewald, 

Jo
urn

al 
Pre-

pro
of



59 

 

Bifunctional reagents for formylglycine conjugation: pitfalls and breakthroughs, 

Chembiochem: Eur. J. Chem. Biol. 21 (2020) 3580–3593. 

https://doi.org/10.1002/cbic.202000416. 

[120] L. Karsten, N. Janson, V. Le Joncour, S. Alam, B. Müller, J. Tanjore Ramanathan, P. 

Laakkonen, N. Sewald, K.M. Müller, Bivalent EGFR-targeting DARPin-MMAE 

conjugates, Int. J. Mol. Sci. 23 (2022) 2468. https://doi.org/10.3390/ijms23052468. 

[121] C. Dumontet, J.M. Reichert, P.D. Senter, J.M. Lambert, A. Beck, Antibody–drug 

conjugates come of age in oncology, Nat. Rev. Drug Discov. 22 (2023) 641–661. 

https://doi.org/10.1038/s41573-023-00709-2. 

[122] D.M. Collins, B. Bossenmaier, G. Kollmorgen, G. Niederfellner, Acquired resistance to 

antibody-drug conjugates, Cancers (Basel) 11 (2019) 394. 

https://doi.org/10.3390/cancers11030394. 

[123] F. Loganzo, X. Tan, M. Sung, G. Jin, J.S. Myers, E. Melamud, F. Wang, V. Diesl, M.T. 

Follettie, S. Musto, M.-H. Lam, W. Hu, M.B. Charati, K. Khandke, K.S.K. Kim, M. Cinque, 

J. Lucas, E. Graziani, A. Maderna, C.J. O’Donnell, K.T. Arndt, H.-P. Gerber, Tumor cells 

chronically treated with a trastuzumab–maytansinoid antibody–drug conjugate 

develop varied resistance mechanisms but respond to alternate treatments, Mol. 

Cancer Ther. 14 (2015) 952–963. https://doi.org/10.1158/1535-7163.MCT-14-0862. 

[124] I. Ingrand, G. Defossez, C. Lafay‐Chebassier, F. Chavant, A. Ferru, P. Ingrand, M. 

Pérault‐Pochat, Serious adverse effects occurring after chemotherapy: A general 

cancer registry‐based incidence survey, Brit J Clinical Pharma 86 (2020) 711–722. 

https://doi.org/10.1111/bcp.14159. 

[125] T. Kline, A.R. Steiner, K. Penta, A.K. Sato, T.J. Hallam, G. Yin, Methods to make 

homogenous antibody drug conjugates, Pharm. Res. 32 (2015) 3480–3493. 

https://doi.org/10.1007/s11095-014-1596-8. 

[126] J.M.M. Verkade, M.A. Wijdeven, D.S.P.J.J.M. Van, B.S.S. Van, D.F.L. Van, Sulfamide 

linker, conjugates thereof, and methods of preparation, WO2016053107 (A1), 2016. 

[127] S. Coats, M. Williams, B. Kebble, R. Dixit, L. Tseng, N.-S. Yao, D.A. Tice, J.-C. Soria, 

Antibody–drug conjugates: Future directions in clinical and translational strategies to 

improve the therapeutic index, Clinical Cancer Research 25 (2019) 5441–5448. 

https://doi.org/10.1158/1078-0432.CCR-19-0272. 

[128] A.C. Palmer, P.K. Sorger, Combination cancer therapy can confer benefit via patient-

to-patient variability without drug additivity or synergy, Cell 171 (2017) 1678-

1691.e13. https://doi.org/10.1016/j.cell.2017.11.009. 

[129] F. Pretto, R.E. FitzGerald, In vivo safety testing of antibody drug conjugates, Regul. 

Toxicol. Pharmacol.: RTP 122 (2021) 104890. 

https://doi.org/10.1016/j.yrtph.2021.104890. 

[130] M. Pirmohamed, Pharmacogenomics: Current status and future perspectives, Nat Rev 

Genet 24 (2023) 350–362. https://doi.org/10.1038/s41576-022-00572-8. 

[131] Y. Matsuda, B.A. Mendelsohn, An overview of process development for antibody-

drug conjugates produced by chemical conjugation technology, Expert Opin. Biol. 

Ther. 21 (2021) 963–975. https://doi.org/10.1080/14712598.2021.1846714. 

[132] H.E. Marei, C. Cenciarelli, A. Hasan, Potential of antibody–drug conjugates (ADCs) for 

cancer therapy, Cancer Cell International 22 (2022) 255. 

Jo
urn

al 
Pre-

pro
of



60 

 

https://doi.org/10.1186/s12935-022-02679-8. 

[133] M.L. Fernández-Quintero, A. Ljungars, F. Waibl, V. Greiff, J.T. Andersen, T.T. Gjølberg, 

T.P. Jenkins, B.G. Voldborg, L.M. Grav, S. Kumar, G. Georges, H. Kettenberger, K.R. 

Liedl, P.M. Tessier, J. McCafferty, A.H. Laustsen, Assessing developability early in the 

discovery process for novel biologics, mAbs 15 (2023) 2171248. 

https://doi.org/10.1080/19420862.2023.2171248. 

[134] N. Sobhani, A. D’Angelo, M. Pittacolo, G. Mondani, D. Generali, Future AI will most 

likely predict antibody-drug conjugate response in oncology: A review and expert 

opinion, Cancers 16 (2024) 3089. https://doi.org/10.3390/cancers16173089. 

[135] U. Kathad, N. Biyani, R.L. Peru Y Colón De Portugal, J. Zhou, H. Kochat, K. Bhatia, 

Expanding the repertoire of antibody drug conjugate (ADC) targets with improved 

tumor selectivity and range of potent payloads through in-silico analysis, PLoS One 

19 (2024) e0308604. https://doi.org/10.1371/journal.pone.0308604. 

[136] P. Rani, K. Dutta, V. Kumar, Artificial intelligence techniques for prediction of drug 

synergy in malignant diseases: Past, present, and future, Computers in Biology and 

Medicine 144 (2022) 105334. https://doi.org/10.1016/j.compbiomed.2022.105334. 

[137] M. Jeon, S. Kim, S. Park, H. Lee, J. Kang, In silico drug combination discovery for 

personalized cancer therapy, BMC Syst Biol 12 (2018) 16. 

https://doi.org/10.1186/s12918-018-0546-1. 

[138] M. Kaur, D. Singh, V. Kumar, Drug synergy prediction using dynamic mutation based 

differential evolution, Curr Pharm Des 27 (2021) 1103–1111. 

https://doi.org/10.2174/1381612826666201106090938. 

[139] B. Sharma, V. Chenthamarakshan, A. Dhurandhar, S. Pereira, J.A. Hendler, J.S. Dordick, 

P. Das, Accurate clinical toxicity prediction using multi-task deep neural nets and 

contrastive molecular explanations, Sci Rep 13 (2023) 4908. 

https://doi.org/10.1038/s41598-023-31169-8. 

[140] J. Kim, B.-K. Koo, J.A. Knoblich, Human organoids: Model systems for human biology 

and medicine, Nat Rev Mol Cell Biol 21 (2020) 571–584. 

https://doi.org/10.1038/s41580-020-0259-3. 

[141] Y. Liu, W. Wu, C. Cai, H. Zhang, H. Shen, Y. Han, Patient-derived xenograft models in 

cancer therapy: Technologies and applications, Sig Transduct Target Ther 8 (2023) 1–

24. https://doi.org/10.1038/s41392-023-01419-2. 

[142] X. Wu, S. Wang, M. Li, J. Li, J. Shen, Y. Zhao, J. Pang, Q. Wen, M. Chen, B. Wei, P.J. 

Kaboli, F. Du, Q. Zhao, C.H. Cho, Y. Wang, Z. Xiao, X. Wu, Conditional reprogramming: 

Next generation cell culture, Acta Pharm Sin B 10 (2020) 1360–1381. 

https://doi.org/10.1016/j.apsb.2020.01.011. 

[143] A. Beishenaliev, Y.L. Loke, S.J. Goh, H.N. Geo, M. Mugila, M. Misran, L.Y. Chung, L.V. 

Kiew, S. Roffler, Y.Y. Teo, Bispecific antibodies for targeted delivery of anti-cancer 

therapeutic agents: a review, J. Control. Release: Off. J. Control. Release Soc. 359 

(2023) 268–286. https://doi.org/10.1016/j.jconrel.2023.05.032. 

[144] S. Singh, L. Serwer, A. DuPage, K. Elkins, N. Chauhan, M. Ravn, F. Buchanan, L. Wang, 

M. Krimm, K. Wong, J. Sagert, K. Tipton, S.J. Moore, Y. Huang, A. Jang, E. Ureno, A. 

Miller, S. Patrick, S. Duvur, S. Liu, O. Vasiljeva, Y. Li, T. Henriques, I. Badagnani, S. 

Jeffries, S. Schleyer, R. Leanna, C. Krebber, S. Viswanathan, L. Desnoyers, J. Terrett, M. 

Jo
urn

al 
Pre-

pro
of



61 

 

Belvin, S. Morgan-Lappe, W.M. Kavanaugh, J. Richardson, Nonclinical efficacy and 

safety of CX-2029, an anti-CD71 probody-drug conjugate, Mol. Cancer Ther. 21 

(2022) 1326–1336. https://doi.org/10.1158/1535-7163.MCT-21-0193. 

[145] S.E. Ackerman, C.I. Pearson, J.D. Gregorio, J.C. Gonzalez, J.A. Kenkel, F.J. Hartmann, A. 

Luo, P.Y. Ho, H. LeBlanc, L.K. Blum, S.C. Kimmey, A. Luo, M.L. Nguyen, J.C. Paik, L.Y. 

Sheu, B. Ackerman, A. Lee, H. Li, J. Melrose, R.P. Laura, V.C. Ramani, K.A. Henning, D.Y. 

Jackson, B.S. Safina, G. Yonehiro, B.H. Devens, Y. Carmi, S.J. Chapin, S.C. Bendall, M. 

Kowanetz, D. Dornan, E.G. Engleman, M.N. Alonso, Immune-stimulating antibody 

conjugates elicit robust myeloid activation and durable antitumor immunity, Nat. 

Cancer 2 (2021) 18–33. https://doi.org/10.1038/s43018-020-00136-x. 

[146] J.M. Kelm, D.S. Pandey, E. Malin, H. Kansou, S. Arora, R. Kumar, N.S. Gavande, 

PROTAC’ing oncoproteins: targeted protein degradation for cancer therapy, Mol. 

Cancer 22 (2023) 62. https://doi.org/10.1186/s12943-022-01707-5. 

 

Jo
urn

al 
Pre-

pro
of



Highlights  

 

1. Summarize construction strategies of dual-payload ADCs comprehensively. 

2. Introduce currently available chemical toolbox for dual-payload ADC design. 

3. Summarize the latest progress in dual-payload ADCs. 
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