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INTRODUCTION

Antibody-Drug Conjugates (ADC) are a class of drugs that conjugate monoclonal antibodies 
and payloads through a linker. Its basic structure is shown in Figure 11. ADCs combine highly-
targeted monoclonal antibodies with strong cytotoxicity payloads for precision targeting. As of 
December 2021, 14 ADCs have been approved worldwide (12 of which were approved by FDA), and 
more than 100 ADC drugs are undergoing clinical trials2.

ADCs have a complex structure and diversified forms.  

The guidelines for ADC pharmacokinetics (PK) studies  

have yet to be formulated by FDA and ICH organizations 

around the world. This makes PK studies of ADCs 

extremely challenging and fraught with uncertainty. 

However, ignoring ADC PK studies, or substituting them, 

only with toxicological data, could result in unanticipated 

complications for your program. 

In PK studies, bioanalysis plays an indispensable role in 

presenting concrete results of each testing stage. From 

complete drug-to-antibody ratio (DAR) analysis of ADC  

to PK study methods of each ADC component, this article 

 will present strategies for ADC pharmacokinetic 

bioanalysis based on the experience of our team of  

DMPK experts. 

Figure 1. Schematic Diagram of Molecular Structure of ADC

Linker
Payload

Antibody
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1. OVERALL STRATEGY FOR ADC PHARMACOKINETIC BIOANALYSIS

ADCs have the characteristics of both small-molecule and macromolecular therapeutics. Therefore 
the bioanalysis methods for ADCs must consider these unique characteristics. Specifically, 
the bioanalysis strategies for ADCs can be divided into three following aspects that cover the 
discovery, pre-clinical development and clinical development stages:

1.1	 DAR CHARACTERIZATION OF ADCS IN ANIMAL PLASMA/SERUM

ADCs with different Drug-Antibody Ratios (DARs) may have completely different PK and toxicological 

characteristics and could even be considered two different drugs. Inaccurate pre-clinical study results 

or unpredictable toxicity may occur when ADCs are roughly studied as a mixture. Therefore, accurate DAR 

characterization of ADCs is necessary. 

We have developed a new method to characterize the molecular structure of ADCs in plasma/serum to determine 

analytes with different DARs in circulation. This method provides data in in vitro/in vivo processes of ADCs (e.g. 

whether antibodies still carry most covalently bound drugs over time).

1.2	 ANTI-THERAPEUTIC ANTIBODY (ATA) INVESTIGATION OF ADCS

Appropriate methods should be developed to determine the ATA of ADCs. At present, this part is frequently 

completed with a platform of ligand binding assays (LBA).
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The rest of this article will provide in-depth information on the first two strategies, DAR characterization and 

quantitative analysis of ADC-related components. 

ANALYTES DEFINITION ANALYTICAL METHODS SPECIAL ABILITIES

Total antibody DAR ≥ 0 ELISA&LC - MS
LC – HRMS intact protein 
analysis & DAR analysis

ADC DAR ≥ 1 ELISA&LC - MS

Conjugated payload Small-molecule drug  
conjugated to antibodies LC - MS

Unconjugated payload Released small-  
molecule drug LC - MS

Payload related species
Payload-related components 

with medicinal properties 
generated after metabolism

LC - MS

ATA Anti-therapeutic antibody ELISA

1.3	 QUANTITATIVE ANALYSIS OF ADC-RELATED COMPONENTS

According to its structure and in vivo transformation characteristics, ADC analytes undergoing PK analysis are  

usually divided into total antibody, ADC, conjugated payload, unconjugated payload, payload-related species  

and anti-therapeutic antibody (ATA). 

Combined with traditional LBA (ligand binding assays), small molecule LC-MS/MS assays, affinity capture LC-MS/MS, 

affinity capture LC-HRMS and other new analytical methods, a feasible quantitative analysis method was developed  

to conduct quantitative analysis of ADC components in animal plasma/serum (see Table 1). 

Among these approaches, the LC-MS method offers the advantages of having a short time cycle and good versatility. 

The method has also demonstrated utility in macromolecular quantitative analysis. This article will focus on the LC-MS 

method and elaborate on it with examples.

Table 1. Definitions of ADC Components and Corresponding Analytical Methods

1. OVERALL STRATEGY FOR ADC PHARMACOKINETIC BIOANALYSIS
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2. ADC DAR CHARACTERIZATION

2.1	 WHAT IS DAR?

DAR (drug-to-antibody ratio, which represents the number 

of payloads conjugated to one antibody) is an important 

parameter used to describe the physiochemical 

properties of ADCs. It indicates the payload carried by 

a single ADC molecule, which in turn relates to its safety 

and effectiveness. 

Most ADCs currently approved use heterogeneous 

conjugation technology (e.g., amine-based lysine 

conjugation or thiol-based cysteine conjugation). 

Since each antibody has multiple Lys/Cys loci, and the 

conjugation process is random, the number and location 

of the payload formed by conjugation are uncertain, and 

the ADC eventually obtained is often a mixture of multiple 

components with different DARs. 

For example, T-DM1 (as shown in Figure 2), has a DAR that 

ranges from 0 to 7, with an average DAR of approximately 3.5. 

DAR will affect the stability of the ADC in in vivo 

circulation. Typically, an ideal DAR is 3-4. An overly high 

DAR will increase drug clearance, decrease half-life, and 

may lead to drug aggregation as well as increased toxicity.

Figure 2. T-DM1 DAR Characterization Results. T-DM1 is a mixture of ADCs with different DARs. With the LC-HRMS platform, the characterization of ADCs with different 

DARs can be realized.
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2. ADC DAR CHARACTERIZATION

2.2.	 QUANTITATIVE ANALYSIS OF ADC-RELATED COMPONENTS

DAR analysis can be divided into two aspects. 

First is DAR distribution, which characterizes the proportion of ADC molecules with different DARs in the total ADC 

molecules. Second is the average DAR, which is the ratio of the molar concentration of the total ADC molecules to 

that of the antibody molecule in the system.

WuXi AppTec has developed a LC-HRMS intact protein analysis to characterize the DAR of ADC. Compared to HIC-UV 

and traditional DAR characterization methods, the LC-MS method can greatly reduce the sample consumption and 

provide more accurate DAR results. 

For ADCs in a biomatrix, the general approach is to first use the anti-human IgG, idiotype antibody, or antigen that 

can specifically bind to the target ADC to conduct immuno-affinity capture for the target ADC. Next, the LC-HRMS 

platform is used to conduct direct analysis on the purified ADC, and finally deconvolution software is utilized for data 

processing (Figure 3). The specific peaks of ADC molecules with different absolute molecular weights and different 

DARs are obtained to complete the DAR analysis of ADCs. 

In addition, purified ADC can be broken down to separate the light and heavy chains and then undergo an LC-HRMS 

assay. Once the deconvolution of the spectrogram is acquired, DARs of light and heavy chains can be obtained. The 

DAR analysis of ADCs can then be performed indirectly.

Figure 3. ADC DAR Characterization Process

Immunocapture

Intact ADC characterization

ADC light-chain or heavy-
chain characterization
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2. ADC DAR CHARACTERIZATION

This platform is used to verify the in vitro/in vivo stability of the T-DM1 of ADCs. It provides a DAR analysis method 

with ultra-high sensitivity (LLOQ: 0.5-1 μg/mL), specificity, and accuracy. The in vitro stability study results are shown 

in Figure 4. As seen below, the intact protein analysis results clearly revealed the variation of DARs of T-DM1.

Figure 4. In Vitro Plasma Stability of T-DM1. With the increase in incubation time, the content of high-DAR ADCs (DAR6 in the figure 

disappeared after 24 h) gradually decreased, and the average DAR of ADC saw a corresponding decrease from 3.34 at T0 to 2.21 

 after 48 hours
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3. QUANTITATIVE ANALYSIS OF ADC DRUG COMPONENTS  
IN SERUM/PLASMA OR OTHER MATRICES

ELISA (enzyme-linked immunosorbent 
assay), which is based on the LBA platform, 
is typically regarded as the “gold standard” 
in macromolecular quantitative research. 

However, ELISA usually needs to be optimized for 

different base species and matrix types. The universal 

reagents and methods are not ideal and the method 

development cycle is generally long. These aspects are 

particularly prominent for the early development of 

ADCs3. 

In recent years, with the continuous development 

of mass spectrometry, LC-MS/MS and LC-HRMS are 

increasingly used for macromolecular characterization 

and quantification4–6. Compared with the traditional 

ELISA, LC-MS offers a shorter development cycle and 

better standardization. In addition, LC-HRMS based on 

high resolution mass spectrometry not only can quantify 

macromolecules but also are able to determine the DARs 

of ADCs, thus facilitating the improvement of ADCs’ 

biological characterization.

ADCs are often present in vivo as complex 

and dynamically changing mixtures caused by 

biotransformation, DAR changes, or a combination of 

these processes. In this case, the existing PK is no longer 

clear with regards to the expression of “therapeutic 

concentration” and time, which presents a unique 

challenge to quantitatively analyzing ADCs. 

As shown in Table 1, the components for analysis 

currently available to characterize ADC PK include: 

total antibody (an antibody that is conjugated 

or unconjugated to the payload), conjugated 

antibody (ADC, antibody that is conjugated to at 

least one payload and is a prototype drug of ADC), 

unconjugated payload, conjugated payload and 

payload related species (effector formed after ADC 

cleavage or decomposition)3.

The PKs of different analytes reflect different content 

and significance, presenting the complete picture of ADC 

metabolism in vivo. Therefore, a comprehensive LC-MS 

platform is needed for the PK analysis of total antibody, 

intact ADCs, unconjugated payload and conjugated payload.
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3. QUANTITATIVE ANALYSIS OF ADC DRUG COMPONENTS  
IN SERUM/PLASMA OR OTHER MATRICES

3.1.	 QUANTITATIVE ANALYSIS OF TOTAL ANTIBODY

For total antibody analysis of ADCs, sample preparation 

and analysis remain basically consistent with other 

antibody drugs. Usually, the process can be divided into 

three steps (Figure 5):

1.	 Immuno-affinity capture, which involves antibodies or 

antigens that are specifically bound to the ADC antibody  

to purify the target total antibody.

2.	 Proteolysis, which generates the signature peptides of  

the antibody.

3.	 LC-MS /MS, which is used for quantitative determination.

Careful readers may have noted that the determination 

of total antibody is consistent with the first step of DAR 

analysis. In fact, the only difference is that, when the LC - 

MS/MS platform is used to determine the total antibody, 

the requirements for the specificity of the capture 

reagents are reduced, meaning that a wide range of 

options are available to reduce the cost. 

Beyond anti-human IgG, idiotype antibody, and 

antigen, Protein A/G can also be used, which has better 

universality, poorer specificity, and lower price. For 

any type of capture reagents and antibody structures, 

extensive experiences of method development, 

optimization, and verification are needed for an ideal 

testing laboratory partner to successfully run your 

projects and and reduce turnaround time.

Figure 5. LC-MS/MS Quantification Process of Total Antibody

Immunocapture

Signature Peptides

Protein A/G

1 Denaturation, reduction, and alkylation

2. Proteolyzed 

3. SPE (optional)
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3. QUANTITATIVE ANALYSIS OF ADC DRUG COMPONENTS  
IN SERUM/PLASMA OR OTHER MATRICES

3.2.	 QUANTITATIVE ANALYSIS OF ADC

It is important to begin this section by defining the target 

analyte of ADC quantitative analysis. There are generally 

two ways to define the PK target analyte of ADCs:

1.	 From the perspective of antibodies, it can be defined as 

antibody molecules bound to at least one drug.

2.	 From the perspective of drug load, it can be defined as the 

total concentration of the drug bound to the antibody.

From the two definitions above, we have developed 

two different analysis strategies.

If an antibody molecule bound to more than one drug 

is used as the analyte, we can use a method similar 

to total antibody analysis. The difference is that the 

capture reagent used in the first step must be an anti-drug 

antibody. Therefore, the antibody molecules conjugated to 

drugs can be extracted and quantified using LC - MS/MS4.

If the drug conjugated to the antibody is used as the 

analyte, and the linker can be cleaved through sample 

processing to release the drug, and then the conjugated 

drug can be released after the purified total antibody is 

captured (Figure 6). Furthermore, the concentration of 

the conjugated drug can be determined to achieve the 

quantitative analysis of ADC.

In addition to the two situations noted above, through 

the steady development of site-specific conjugation8,  

the “payload-linker-amino acid” generated by proteolysis 

have also been used as the analyte for ADC quantitative 

analysis in recent years. This makes it possible to 

achieve the quantitative analysis of conjugated payload. 

Theoretically, the average DAR of ADCs can be indirectly 

detected through the analysis on the quantitative results 

of conjugated payload and total antibody.

Figure 6. Quantitative Strategy for ADC: 1) For non-cleavable linkers, the ADC can be captured by using anti-payload 

antibody and the antibody molecules conjugated to the drug can be quantified; 2) For cleavable linkers, the total 

concentration of the drug bound to antibody can be quantified by releasing conjugated payload.

ADCs in Matrix

Conjugated Payload
Signature Peptides

1 Denaturation, reduction, and alkylation

2. Proteolyzed 

3. SPE (optional)

Protein A/G

Linker Cleavage
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3. QUANTITATIVE ANALYSIS OF ADC DRUG COMPONENTS  
IN SERUM/PLASMA OR OTHER MATRICES

3.3.	 LC-MS/MS QUANTITATIVE ANALYSIS OF 

UNCONJUGATED PAYLOAD

In the production process of ADCs, it is often necessary 

to eliminate excess payload to the greatest extent possible. 

Due to its ultra-high toxicity, even a very small quantity 

of residues will also bring great potential dangers to 

the safety of ADCs. 

For in vivo studies, unconjugated payload may come 

from the release of ADC in plasma and target tissues. 

Unconjugated payload in plasma corresponds to the off-

target toxicity of ADCs and serves as an important part 

of the performance evaluation of ADCs.

 

For conventional payloads such as MMAE, MMAF, DM1 

and SN-38, the quantitative linear range of 1-3000 ng/

mL can be achieved only by using a simple protein 

precipitation method. 

For special payloads, if the conventional protein 

precipitation method cannot meet the quantitative 

requirements, our team has experienced experts in small 

molecular analysis to optimize LLE, SPE and other small 

molecule extraction methods.
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CONCLUSION

A qualitative/semi-quantitative analysis method for 

intact ADCs from plasma/serum or other matrix – 

established and improved for ADC bioanalysis by the 

ADC analysis team of WuXi AppTec DMPK – can detect 

the change in in vivo and in vitro DAR of ADC and 

possible biotransformation. 

In addition, there is a mature and complete quantitative 

analysis protocol for various ADC components that can 

partially represent the PK characteristics, including total 

antibody, ADC, unconjugated payload, and conjugated 

payload (Figure 7). The intact ADC analysis method 

based on high resolution mass spectrometry can 

even provide extremely extensive PK characteristic 

parameters of ADCs in just a single detection, including 

concentration and DAR. 

In summary, the pharmacokinetic bioanalysis of 

ADCs relies on not only the assays or platforms 

used, but also investigators’ skills, knowledge, and 

expertise. Drug developers and sponsors that do 

not have the time, capacity, or expertise to conduct 

these investigations in-house should consider 

working with a testing partner. 

Figure 7. Summary Diagram of LC-MS Assay Strategy for ADC Related Components

0. ADCs in Matrix

Small Molecule Extraction

1. Unconjugated Payload

Reduction
Linker Cleavage

5. Conjugated Payload

Alkylation

Proteolyzed

2. Intact ADC Molecules

4. Signature Peptides

3. ADC Light-chain or 
Heavy-chain Mixture

Protein A/G
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ABOUT DMPK SERVICE DEPARTMENT 

Committed to accelerating drug discovery 

and development, we offer a full range of 

discovery screening, preclinical development, 

clinical drug metabolism, and pharmacokinetic 

(DMPK) platforms and services. With research 

facilities in the United States (New Jersey)  

and China (Shanghai, Suzhou, and Nanjing),  

a team of 1,000+ scientists and over ten years  

of experience in Investigational New Drug (IND) 

application, our DMPK Service Department 

are serving 1,000+ global clients, and have 

supported 600+ IND applications successfully.

As a global company with operations across Asia, 

Europe, and North America, WuXi AppTec 

provides a broad portfolio of R&D and manufacturing 

services that enable global pharmaceutical and 

healthcare industry to advance discoveries and 

deliver groundbreaking treatments to patients. 

Through its unique business models, WuXi AppTec’s 

integrated, end-to-end services include chemistry 

drug CRDMO (Contract Research, Development 

and Manufacturing Organization), biology discovery, 

preclinical testing and clinical research services, 

cell and gene therapies CTDMO (Contract Testing, 

Development and Manufacturing Organization), 

helping customers improve the productivity of advancing 

healthcare products through cost-effective and 

efficient solutions. WuXi AppTec received AA ESG 

rating from MSCI in 2021 and its open-access platform 

is enabling more than 5,800 collaborators from 

over 30 countries to improve the health of those 

in need – and to realize the vision that “every drug 

can be made and every disease can be treated.” 

ht tps://labtesting.wuxiapptec.com/dmpk-ser vices/

Talk To Our Experts Today 
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