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Background: Antibody–drug conjugates (ADCs) are complex drug constructs with 
multiple species in the heterogeneous mixture that contribute to their efficacy and 
toxicity. The bioanalysis of ADCs involves multiple assays and analytical platforms. 
Methods: A series of ligand binding and LC–MS/MS (LB-LC–MS/MS) hybrid assays, 
through different combinations of anti-idiotype (anti-Id), anti-payload, or generic 
capture reagents, and cathepsin-B or trypsin enzyme digestion, were developed and 
evaluated for the analysis of conjugated-payload as well as for species traditionally 
measured by ligand-binding assays, total-antibody and conjugated-antibody. Results 
& conclusion: Hybrid assays are complementary or viable alternatives to ligand-binding 
assay for ADC bioanalysis and PK/PD modeling. The fit-for-purpose choice of analytes, 
assays and platforms and an integrated strategy from Discovery to Development for 
ADC PK and bioanalysis are recommended.
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This decade has seen the US FDA approvals 
of two antibody–drug conjugates (ADCs), 
Adcetris® (brentuximab vedotin) and Kad-
cyla® (ado-trastuzumab emtansine) for the 
treatment of cancer [1,2] with many more 
ADCs in clinical development. ADCs are 
drug constructs consisting of a monoclonal 
antibody (mAb), attached through a chemi-
cal linker to a small molecule, often cyto-
toxic, drug or payload. ADCs combine the 
target binding specificity of mAbs and the 
potency of cytotoxic drugs [3,4]. Many ADC 
drug candidates are currently at different 
preclinical and clinical development stages in 
this rapidly evolving field [5,6].

Because of the heterogeneous nature of 
ADC molecules, particularly for random-
conjugated ADCs, multiple species may 
contribute to the efficacy and toxicity of 

ADCs. ADC PK evaluation, human dose 
projection, PK/PD modeling and the associ-
ated bioanalytical PK assays are complicated. 
ADC bioanalytical testing has, traditionally, 
used both ligand-binding assays (LBAs) and 
LC–MS/MS approaches. Currently, indus-
try-wide standard practices, strategies, and 
regulatory guidelines are still developing. 
ADC PK and bioanalytical strategies have 
been one of the most hotly discussed topics 
industry-wide during the last 5–10 years. 
Two recent special focus issues have been 
dedicated to ADC PK and bioanalysis 
recently [7,8]. As a highlight, the AAPS Drug 
Conjugate Working Group issued a position 
paper on bioanalysis of ADCs in which defi-
nitions of ADC analytes and bioanalytical 
assays were discussed [9]. There were compre-
hensive reviews on ADC bioanalytical assay 
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strategies and challenges [10–13], and on in vivo bio-
transformation [14] and characterization of ADC catab-
olism [15]. An overview of analytes and ADC bioana-
lytical strategies was also outlined in a recent industry 
white paper on ADME characterization of ADCs from 
the ‘ADC ADME working group’ of the International 
Consortium for Innovation and Quality in Pharma-
ceutical Development [16] and in reviews of ADME 
properties of therapeutic proteins [17], and of charac-
terization of ADCs by MS [18]. In depth coverage of 
LBA in ADC bioanalysis from early to late preclinical 
development was the subject of one recent review [19], 
while the validation of an integrated series of LBAs for 
clinical studies was described in another article [20]. An 
integrated, multiplatform strategy for the bioanalysis 
of a microtubule polymerization inhibitor ADC [21] 
and details of PK assays for T-DM1 [22] have been 
reported. While not directly related to bioanalysis, but 
influential in consideration of the required assays, PK 
considerations and PK/PD modeling also have been 
the subject of review and research articles [23–27].

Based on literature and presentations from indus-
try and regulatory authorities, four major analytes are 
recommended for ADC PK: total-antibody, which 
includes antibody conjugated to the payload and 
unconjugated (naked) antibody; conjugated-antibody, 
defined as the antibody conjugated to at least one pay-
load; conjugated-payload, defined as payload conju-
gated to the antibody; unconjugated-payload, defined 
as payload molecules deconjugated from the anti-
body [9,10]. Both conjugated-antibody and conjugated-
payload are considered measures of the ADC active 
species, describing ADCs from the perspective of 
either the antibody or the payload [10]. It is unclear, at 
this time, whether the conjugated-antibody or the con-
jugated-payload correlates more closely with efficacy or 
toxicity of ADCs. The ratio of conjugated-payload and 
total-antibody is defined as the average drug to anti-
body ratio (DAR) and its change in vivo is considered 
a good indication of the degree of ADC deconjugation 
and other biotransformation processes.

Historically, the primary assays for total-anti-
body and conjugated-antibody have been LBAs 
and the unconjugated-payload assay has been by 
LC–MS/MS, while the conjugated-payload is predom-
inately measured by affinity capture or immunocapture 
LC–MS/MS hybrid assays [9–11]. Since these hybrid 
assays are truly the combination of ligand binding 
platforms and LC–MS technology, we chose to name 
them as LB-LC–MS/MS hybrid assays, instead, in this 
article. It was also reported that DAR-sensitive conju-
gated-antibody assays can be used to monitor in vivo 
payload change especially for ADCs with noncleavable 
linkers [11,19,28]. Affinity-capture followed by capillary 

LC–MS or hydrophobic interaction chromatography 
(HIC) to characterize intact ADC DAR distribution 
in biological matrices have been reported [10,29–32]. 
Immunocapture combined with cathepsin-B cleavage 
followed by LC–MS/MS for the quantitation of conju-
gated-payload has been discussed [9,10] and a case study 
of assay development, validation, and application has 
been published [33]. A recent publication reports a pro-
tein A capture LC–MS/MS hybrid assay with papain 
(a cysteine protease) cleavage for the quantitation of 
valine-citrullin-linked MMAE ADCs [34]. Method 
development and assay validations for the analysis of 
unconjugated-payload of ADCs by LC–MS/MS assays 
have been the topic in recent publications [35–37].

Immunocapture LC–MS/MS assays have been 
increasingly used in bioanalysis of protein therapeu-
tics in recent years [38–41]. To our best knowledge, 
though discussed in various review articles [9–11], there 
have been few publications detailing LB-LC–MS/MS 
hybrid assay methodology, procedures and assay char-
acteristics for ADC PK bioanalysis, particularly for 
total-antibody and conjugated-antibody. Meanwhile, 
in ADC PK and bioanalysis, questions such as “which 
assays and analytes are preferred, conjugated-antibody 
or conjugated-payload?” and “what assay format to 
use, LBAs or hybrid assays in preclinical and clinical 
PK studies?” have remained hot topics in the litera-
ture, workshops and conferences. This article describes 
a series of LB-LC–MS/MS hybrid assays for ADC PK 
analysis, which have been used in preclinical and/or 
clinical studies and attempts to provide some answers 
to these questions: Can hybrid assays play additional 
roles beyond measuring conjugated-payload? Are 
hybrid assays viable alternatives to LBA for the analy-
sis of total-antibody? Can hybrid assays be used as 
an alternative or complement to LBAs for the analy-
sis of conjugated-antibody? Can ADC bioanalysis be 
supported in a LC–MS based laboratory without full 
LBA capabilities? What is the ideal ADC bioanalyti-
cal strategy from early Discovery to late clinical stage? 
All hybrid assays were developed, and validated or 
qualified, using protocols that include tests normally 
required for both LBA and LC–MS/MS assays [42–46]. 
Method development and validation or qualification 
of hybrid assays and results from PK/toxicokinetic 
(TK) studies are discussed. This article aims at pro-
viding technical guidance for the scientists conducting 
various hybrid assays for ADC bioanalysis. The article 
will also address some of the highly discussed topics in 
ADC bioanalysis as mentioned above. The comparison 
or correlation between hybrid assays and LBAs will not 
only be limited to assay platform but also incorporate 
ADC analytes and assay DAR characteristic which 
brings the discussion to a wider scope and to better 
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clarity. Discovery and Development integrated ADC 
bioanalysis strategies are proposed herein as well. The 
ADC described in this manuscript is in early devel-
opment and consists of a microtubule polymerization 
inhibitor as the payload attached to a specific undis-
closed mAb through random lysine conjugation [21,47]. 
General statements made in this article are applicable 
to this ADC and other random-conjugated ADCs, 
while they may not apply to ADCs of other constructs.

Experimental
LBAs for total-antibody & conjugated-antibody
Methods utilizing a sandwich immunoassay format 
and the standard multiarray microplate (Meso Scale 
Discovery, MD, USA) platform were used in preclini-
cal PK and TK studies. The method details have been 
described in Myler et al. [21]. The methods used in the 
clinical PK evaluation were modified to a Gyrolab xP 
Workstation (Gyros Inc, Uppsala, Sweden) format [20]. 
To be noted in the published methods, conjugated-
antibody in which the antibody conjugates with the 
active payload was defined as ‘Active-ADC,’ and the 
conjugated-antibody (payload + metabolite) in which 
the antibody conjugates with either payload (active) 
or payload metabolite (inactive) was defined as ‘Total 
ADC.’ This manuscript discusses ADC bioanalytical 
methodology in general, so the widely used nomencla-
tures for ADC analytes are chosen for the convenience 
of communication.

LB-LC–MS/MS hybrid assays for conjugated-
payload
The biotinylation and the immunocapture procedure 
using streptavidin cartridges with specific biotinylated 
anti-Id or anti-payload capture mAb for the analysis 
of conjugated-payload, and the subsequent cathep-
sin-B cleavage and LC–MS/MS detection have been 
described in details elsewhere [33].

Briefly, a specific anti-Id mAb was first labeled with 
biotin at a molar challenge ratio of 12:1, and then 
immobilized on high-capacity streptavidin-coated car-
tridges using an Agilent Bravo liquid handler (Agilent 
Technologies, MA, USA). Plasma samples were loaded 
on the cartridges at a slow flow rate of 2 μl/min, which 
was considered to be critical to ensure quantitative 
capture between immobilized capture mAb and ADC 
in the biological sample. After multiple washes of the 
cartridges and the syringes, the captured analytes were 
eluted into a collection plate by reducing the pH to 2. 
The eluted samples were neutralized immediately to a 
slightly acidic condition which was favorable for the 
following enzyme cleavage step. The ADC described 
in this manuscript contains a cleavable dipeptide linker 
that can be cleaved specifically by lysosomal enzymes. 

A specific lysosomal enzyme, cathepsin B, was used 
and the in vivo condition was mimicked to release the 
payload from the ADC. The cleavage was conducted 
in a buffer containing 1.34 units of the enzyme at an 
optimal pH of 5–6 in the presence of reducing reagent 
DTT. The mixture was incubated at 25°C for 3 h and 
the reaction was stopped by adding cold acetonitrile. 
LC–MS/MS was carried out using a Shimadzu (Tokyo, 
Japan) Nexera HPLC system interfaced to a SCIEX 
(CA, USA) Triple Quad 5500 mass spectrometer. A 
Waters (MA, USA) Acquity UPLC BEH C18 column 
(1.7 μm, 2.1 × 50 mm) was used for chromatographic 
separation and the mobile phases consisted of mobile 
phase A (5 mM ammonium bicarbonate containing 
0.005% ammonium hydroxide in 95:5 water: aceto-
nitrile) and mobile phase B (5:95 water:acetonitrile). 
Positive ion electrospray MS in multiple reaction moni-
toring mode was used for the detection. The transi-
tions of m/z 771→98 and m/z 781→98 were moni-
tored for the payload and the internal standard (IS) 
(13C

9
, 15N-payload), respectively.

Protein A or protein G cartridges were also used for 
the analysis of conjugated-payload. The cartridges were 
equilibrated with 50 μl of PBST (Phosphate buffered 
saline containing 0.05% Tween 20, Sigma-Aldrich, 
Sweden) or DPBS (Dulbecco’s phosphate buffered 
saline, Lonza, MD, USA) at a flow rate of 25 μl/min. 
Plasma samples (25 μl) were loaded on the cartridges 
at a flow rate of 2 μl/min. The cartridges were washed 
with 50 μl of washing solution, which consisted of 
50 mM ammonium bicarbonate and 0.1% BSA in 
DPBS. The elution and neutralization steps were the 
same as described in the previous section.

LB-LC–MS/MS hybrid assays for total-antibody 
& conjugated-antibody
Immunocapture
Cartridge format
The biotinylation and the immunocapture procedure, 
using streptavidin cartridges with specific biotinyl-
ated anti-Id or anti-payload capture mAbs for the 
analysis of total-antibody or conjugated-antibody, and 
protein A cartridge for the analysis of total-antibody, 
are the same as described above for the analysis of 
conjugated-payload analysis.

Magnetic-beads format
Immunocapture was also conducted with Dynabeads 
Myone streptavidin T1 magnetic beads (Life Tech-
nologies, CA, USA) using biotinylated mouse anti-Id 
or mouse anti-payload mAb. Mouse anti-payload mAb 
bound to protein G beads were also explored.

Beads (1 ml) were washed three-times with 1 ml 
of PBST solution, and then resuspended with 1 ml of 
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PBST. Based on the bead capacities (200 μg of mAb 
per 1 ml of streptavidin T1 beads, and 240 μg of mAb 
per 1 ml protein G beads), the beads were saturated by 
adding about 400 μg of mAb for streptavidin T1 beads 
and 480 μg of mAb for protein G beads, respectively. 
The beads and mAb mixture was incubated at room 
temperature for 1 h on a rotator. After incubation, 
the beads were washed again three-times with 1 ml 
of PBST, and then resuspended with 1 ml of PBST 
containing 1% BSA (bovine serum albumin). The 
immobilized beads were stored at 4°C for future use.

PBST (10 μl) was added to 10 μl of each serum sam-
ple in a 96-well plate, and then 50 μl of capture beads 
was added to each sample. The plate was incubated 
at room temperature for 30 min in a Thermomixer 
R model 5355 incubator (Eppendorf, Hamburg, Ger-
many) at a vortexing speed of 900 rpm (15 s on/off) for 
the immunocapture. The plate was first washed three-
times with 200 μl of PBST, and then one time with 
200 μl of 50 mM ammonium bicarbonate using Janus 
Mini automated liquid handler from Perkin Elmer 
(MA, USA).

Trypsin digestion for total-antibody 
& conjugated-antibody
To each of the samples obtained from immunocapture, 
using either beads format or cartridge format, 100 μl 
of 50 mM ammonium bicarbonate containing 10% 
methanol was added, the samples were then incubated 
at 90°C for 30 min for thermal denaturation. After the 
samples cooled to room temperature, 25 μl of Promega 
trypsin (∼50 μg/ml) was added into each sample for 
digestion at 60°C for 2 h. The digestion was stopped 
by adding 10 μl of 10% formic acid in water, and 20 μl 
of 200 ng/ml of stable isotopic labeled signature pep-
tide IS working solution in 20% acetonitrile and 80% 
water was added before LC–MS/MS analysis of total 
Ab or conjugated-antibody.

LC–MS/MS method
LC–MS/MS was carried out using a Shimadzu 
(Tokyo, Japan) Nexera HPLC system interfaced to a 
SCIEX (CA, USA) Triple Quad 6500 mass spectrom-
eter equipped with a TurboIonsprayTM source. Forty 
(40) μl of digested solution was injected into a Waters 
Acuity UPLC HSS T3 column (1.7 μm, 2.1 × 50 mm) 
with a gradient elution using mobile phases of 0.1% 
formic acid in water (A) and 0.1% formic acid in ace-
tonitrile (B) at a flow rate of 0.8 ml/min. The column 
temperature and the autosampler temperature were 
60°C and 5°C, respectively. Positive ion electrospray 
in multiple reaction monitoring mode was used for the 
detection. The optimized source temperature, turbo 
ionspray voltage, declustering potential and collision 

energy were set to 600°C, 5500 V, 50 V and 28 eV, 
respectively. The transitions of m/z 531.3 -> 785.4 and 
534.3 -> 785.4 were monitored for the signature pep-
tide [48] from the CDR region of the antibody and the 
IS (stable labeled signature peptide).

LB-LC–MS/MS hybrid assays developed using dif-
ferent immunocapture reagents on different immu-
nocapture platforms for the analysis of conjugated-
payload, total-antibody and conjugated-antibody 
in different biological matrices are summarized in 
Supplementary Table 1.

Results & discussion
Nomenclature of ADC analytes & complexity of 
ADC bioanalysis
The four recommended ADC analytes (total-anti-
body, conjugated-antibody, conjugated-payload and 
unconjugated-payload) [9,10] illustrate the relationship 
between antibody and payload in random-conjugated 
ADCs. The terms ‘total’ and ‘free,’ which are often 
used in bioanalysis of biologics [49,50], take a slightly 
more complex meaning in ADC bioanalysis. In pro-
tein therapeutics, ‘total’ refers to the sum of bound and 
unbound to soluble targets. In the case of ADC, ‘total’ 
can also mean conjugated plus unconjugated antibody. 
Then, there are two meanings of ‘total’ and ‘free’ in 
ADC bioanalysis. ‘Free’ could mean ‘unconjugated’ 
to the antibody or ‘unbound’ to the soluble target. To 
avoid confusion in communications in ADC bioanaly-
sis, we would prefer not to use ‘free,’ but rather ‘uncon-
jugated’ or ‘unbound.’ If the term ‘total’ has to be used 
for simplicity in naming or labeling ADC species for 
PK analysis, it has to be defined clearly.

In addition to the four assays, there are other assays 
that may be used to answer specific questions related 
to safety, efficacy or disposition. The two dimensional 
plots presented in Figure 1 facilitate the understanding 
of the complexity and requirements. The horizontal 
axis describes conjugation/deconjugation, and the ver-
tical describes bound/unbound to the soluble target. 
For both ‘antibody’ and ‘payload,’ the analytes can 
exist in four different forms in vivo: from conjugated 
and bound in the lower left quarter to unconjugated 
and unbound in the upper right. The conjugated-anti-
body (assay 2 as commonly referred [10]) exists in the 
upper left quarter, representing antibody conjugated 
to the payload but unbound to the soluble target. In 
clinical studies, we are also often asked to measure the 
total conjugated-antibody concentration, unbound 
and bound to soluble target in patient samples, which 
could correlate better to total efficacy. This total conju-
gated-antibody (could be referred as assay 2-II), a new 
assay, can be measured by either LBA or hybrid assay 
using appropriate capture and detection approaches 
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Figure 1. Complexity of antibody–drug conjugate analytes with soluble targets considered. (A) Total conjugated-
antibody: conjugated-antibody unbound and bound to soluble targets. (B) Total conjugated-payload: payload 
conjugated to ADC mAb which are unbound or bound to soluble targets as well as payload conjugated to other 
plasma proteins. Gray dots in (A) and red dots in (B) represent payload; blue dots represent soluble target.

future science group

Hybrid LBA/LC–MS assays in ADC bioanalysis   Research Article

(reagents or MS-MS technique). Similarly, the analyte 
in the ‘antibody conjugated-payload’ (assay 3 as com-
monly referred [10]) is antibody linked to at least one 
payload and unbound to the soluble target. In some 
ADC chemistry, the payload can be conjugated to other 
plasma proteins through linker exchange [14,51–53]. 
Quantifying the payload conjugated to the drug anti-
body and all other plasma proteins could provide useful 
information for payload-dependent toxicity. This new 
analyte ‘total conjugated-payload’ can be measured by 
a new hybrid assay (could be referred as assay 3-II) in 

which an anti-payload capture reagent is used that can 
capture conjugated and unconjugated payload.

Development of LB-LC–MS/MS hybrid assays 
for ADC bioanalysis as complementary or 
alternative assays to LBAs
An immunocapture LC–MS/MS hybrid assay can be 
technically considered as an LBA with LC–MS/MS as 
the detector (or the immunocapture step can be con-
sidered as a specific extraction procedure for the highly 
specific mass spectrometer). No matter the perspec-
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Figure 2. Procedure of LB-LC–MS/MS hybrid assays. (A) Immunocapture (ligand binding), (B) enzyme  
cleavage/digestion, (C) LC–MS/MS quantitation.
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tive used, hybrid assays utilize the strengths of both 
approaches. Hybrid assays include three essential steps 
(Figure 2). The first step is immunocapture which is 
equivalent to the first step of a traditional LBA, the sec-
ond step is enzyme cleavage or digestion and the last 
step is LC separation and MS/MS detection. Like in 
LBAs, a variety of specific capture reagents can be used 
including target antigens, anti-Id antibodies or anti-
payload antibodies. Protein A and G can also be used 
as generic capture reagents. Biotinylated-antibodies can 
be immobilized on streptavidin coated magnetic beads 
or cartridges. In the case of the random-conjugated 
ADC of interest, enzyme digestion can be done with 
cathepsin-B to release the payload or by trypsin diges-
tion to generate a signature surrogate peptide [48], which 
are then measured by LC–MS/MS. Various combina-
tions of capture reagent and enzyme allows tailoring 
the assay for a specific analyte as described below.

Three automated immunocapture platforms in 
cartridge-format have been used in our routine opera-
tion: AssayMAP Bravo™ from Agilent, MSIA™ tips 
from Thermo and PhyTips™ from PhyNexus. Each 
hybrid method was optimized for immunocapture and 
enzyme cleavage or digestion steps. The cathepsin-B 
cleavage step was optimized for enzyme content, reac-
tion time and temperature under vendor recommended 
pH and solution conditions. The trypsin digestion 

optimization and assay development are similar to 
that for mAbs or protein therapeutics. The difference 
is that a signature peptide without lysine is preferred 
or required for ADCs randomly conjugated at lysine 
residues. Validation of hybrid assays for ADCs need 
to fulfill the requirements for both small molecule 
LC–MS/MS and protein therapeutic LBAs and DAR 
sensitivity evaluation.

Currently hybrid assays have been developed 
in our laboratory for conjugated-payload, total-
antibody and conjugated-antibody with differ-
ent combinations of capture reagents and enzymes: 
anti-Id, anti-payload, cathepsin-B and trypsin 
(Figure 3 & Supplementary Table 1). The hybrid assays 
are labeled as H-1 through H-4 for ease of referencing 
in internal projects support. The correlations of these 
assays with commonly discussed assays 1–4 in litera-
ture [10] are also provided in Figure 3 in conjunction with 
the nomenclature of ADC analytes/assays discussed 
above. The anti-Id/cathepsin-B conjugated-payload 
assay (H-1) is the essential and primary application 
of hybrid assay complementary to (DAR-insensitive) 
conjugated-antibody measured by LBA [9,10]. The assay 
has been validated and used to support ADC preclini-
cal and clinical studies [20,21,33]. Combining anti-Id 
capture and trypsin digestion measures total-antibody 
(H-3) as an alternative to the commonly used LBA. 

Immunocapture (ligand binding)

Enzyme cleavage/digestion

LC–MS/MS

Payload

Anti-idiotype Anti-payload Target Protein A/G

Signature peptide
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Figure 3. Hybrid assays developed with combinations of different capture reagents and enzymes. (Anti-Id, 
anti-payload, protein A/G, cathepsin-B and trypsin) for the analysis of conjugated-payload (H-1, assay 3), total 
conjugated-payload (H-2, assay 3-II), total-antibody (H-3, assay 1) and total conjugated-antibody (H-4, assay 2-II).
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Anti-payload capture followed by cathepsin-B cleavage 
(H-2) or trypsin digestion (H-4) are advanced hybrid 
assays that quantify total conjugated-payload and total 
conjugated-antibody (bound and unbound to soluble 
targets), respectively. As discussed above, the total con-
jugated-payload assay (H-2), when needed, could pro-
vide insight to payload-dependent toxicity. Meanwhile, 
in an example discussed in the following section, the 
total conjugated-antibody hybrid assay (H-4) was used 
to analyze samples from a rat PK study for the ADC 
compound studied. Generic capture reagents such as 
protein A or G were also evaluated for conjugated-pay-
load hybrid assays and results were compared with that 
from assays using specific reagents.

Performance & characteristics of the LB-LC–MS/
MS hybrid assay for conjugated-payload
The conjugated payload was fully validated in cyno 
plasma, as previously reported [33], according to current 
FDA Guidance and EMA Guidelines on Bioanalyti-
cal Method Validation [54–57] and qualified for sample 
analysis in rat serum and human plasma. The experi-
ments included the determination of the lower limit of 
quantification, accuracy and precision, selectivity, car-
ryover, recovery, assay robustness and analyte stability. 
In addition, an ADC-specific validation experiment, 
the ability to accurately measure different DAR species 

was conducted. Here is a brief summary highlighting 
the key results.

•	 The overall recovery of the assay was 57%, with 
recoveries of immunocapture step and the enzyme 
cleavage efficiency of 78 and 73%, respectively;

•	 The calibration standard curve range was 0.303 to 
151.442 ng/ml for conjugated payload, which was 
equivalent to the range of 20.0 to 10,000.0 ng/ml 
for the intact ADC. The assay demonstrated good 
linearity, accuracy and precision;

•	 Acceptable specificity and sensitivity were deter-
mined using ten individual lots of blank plasma 
unspiked and spiked at LLOQ and high QC levels;

•	 Conjugated payload was stable in monkey plasma 
for at least 24 h at room temperature, 38 days at 
-70°C and following five freeze–thaw cycles.

•	 The assay allowed accurate quantification of conju-
gated payload for the ADC having varying DAR. 
Supplementary Table 2 shows the DAR character-
istics of conjugated-payload assay in cyno, human 
plasma and rat serum using anti-Id capture.

When anti-Id mAb capture is used, the conjugated 
payload assay measures ADC species that contain at 

Hybrid assays

Payload Antibody

Anti-ld Anti-payload Anti-ld Anti-payload

Cathepsin-B Cathepsin-B

Conjugated-
payload 

(unbound)

Total1 
conjugated-

payload
(unbound+bound)

Protein 
A/G

Trypsin Trypsin

H-3
(assay 1)

H-1
(assay 3)

H-2
(assay 3–II)

H-4
(assay 2–II)

Total2 - 
antibody

(unbound)

Total3 - 
conjugated-

antibody
(unbound+bound)

Total1

– Conjugated to mAb
– Conjugated to other proteins
– Unconjugated
– Sol. target-unbound + bound

Total2

– Conjugated to payload or linkers
– Unconjugated (naked)
– Sol. target-unbound

Total3

– Sol. target-unbound + bound
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Figure 4. Tolerability to shed/soluble targets in conjugated-payload assay in human plasma. 
ADC: Antibody–drug conjugate.
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least one unbound mAb arm and is available to bind 
the target on tumor cells. Soluble target in circulation 
may block the binding sites on the ADC. In preclini-
cal species, the soluble target may not be cross-reactive 
to the ADC, or the level of soluble target may be too 
low in relation to the ADC level to have a significant 
impact on the measurement, which was the case in rat 
in this example. Therefore, the assay tolerance to the 
presence of soluble target was not tested in animals. 
However, the levels of soluble target in the patient 
populations are projected to be high and variable, and, 
thus, the human assay was thoroughly characterized 
for the potential interference of soluble target across 
the estimated range of 10 to 1000 ng/ml. The results 
are shown in Figure 4. An acceptance criterion of 80% 
recovery was used to determine the significance of the 
impact. In the ‘no impact zone,’ soluble target levels 
had no impact on accurate quantitation of antibody-
conjugated payload. However, relatively high levels of 
soluble target were found to interfere with the recov-
ery of the analyte at low concentrations. In this ‘inter-
ference zone,’ a portion of ADC cannot be captured 
and quantified, presumably because both arms of the 
antibody are occupied by soluble target. Furthermore, 
due to this concentration-dependent impact of soluble 
target, a stable-isotope labeled ADC IS (SIL IS) may 
not be a good candidate for the measurement of conju-
gated payload in human samples as the IS binds to the 
soluble target as well, and its response vary in incurred 
samples and are different from that in calibration 
curves.

Specific versus generic immunocapture in 
conjugated-payload assays
Generic capture reagents such as protein A and G have 
been used for ADC conjugated-payload assays [10,34]. 
While a comprehensive comparison will be reported 
in a separate publication, Figure 5 compares the quan-
titation of conjugated-payload of the ADC of interest 
at ADC equivalent LLOQ concentration (20 ng/ml) 
in human plasma (containing lower amount of the 
soluble target) using different capture reagents anti-Id, 
protein A, Protein G in AssayMAP cartridges of 100 
μg mAb capture capacity. The responses in the assays 
using Protein A and G are generally higher than that 
from the assay using anti-Id capture. This result indi-
cates that, while in preclinical species without soluble 
target or human mAb cross-reactive soluble target, 
generic capture reagents (protein A and protein G) are 
comparable to the specific anti-Id capture reagent for 
LB-LC–MS/MS hybrid conjugated-payload assays in 
their ability to capture the ADC (data not shown), 
the higher recovery from a protein A or G in human 
plasma containing soluble target could be due to the 
fact that the conjugated-payload concentrations mea-
sured include the conjugated-payload, in which the 
antibody bound and unbound to soluble target (total) 
as discussed earlier, while anti-Id capture assay mea-
sures payload attached to the antibody unbound to 
the soluble target. The difference in concentrations 
from assays using generic and anti-Id captures provides 
information regarding ‘free’ and ‘total’ ADC, with 
regards to its binding to the soluble target or anti-drug 
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Figure 5. Chromatograms of conjugated-payload at antibody–drug conjugate equivalent LLOQ concentration 
(20 ng/ml) in human plasma (containing lower amount of soluble target) using different capture reagents.  
(A) Anti-Id, (B) protein A, (C) protein G.
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antibodies (ADAs) in clinical samples [49,50]. The rec-
ommendation is that generic capture reagents could be 
used in preclinical studies, especially in early Discov-
ery, to screen antibodies and payloads when specific 
reagents (anti-Id and anti-payload) are unavailable; 
anti-Id capture reagent should be used in clinical assays 
if measuring soluble target unbound ‘bio-active’ ADC 
is desirable.

Performance & characteristics of LB-LC–MS/MS 
hybrid assays for total-antibody and conjugated-
antibody
Hybrid assays with immunocapture performed on 
streptavidin and protein A cartridges, on an Agilent 
AssayMAP Bravo system, followed by trypsin diges-
tion and LC–MS/MS analysis were developed and 
qualified for the quantitation of total-antibody and 
conjugated-antibody. During synthetic conjugation of 
the drug product, payloads are randomly conjugated 
to more than 70 lysine residues of the antibody for 
the ADC being studied. As lysine is one of the tryptic 
cleavage sties, to avoid interference of the linker to the 
trypsin digestion and LC–MS/MS analysis, a signa-
ture peptide without lysine, in the heavy chain CDR 
region, was identified and used for quantitation. Con-
firmatory peptides are often used in LC–MS quanti-
tation of proteins [38–41]. They were not used in this 
work and will be considered in future hybrid assays for 
total-antibody and conjugated-antibody.

The assay performance was evaluated for both total-
antibody and conjugated-antibody assays in different 
biological matrices, in other words, rat serum, monkey 
plasma and human plasma, primarily using cartridges 
on AssayMAP Bravo. Calibration curves ranged from 
0.5 to 150 μg/ml in both assays. Supplementary Table 3 
shows that the quality control samples met acceptance 
criteria in a conjugated-antibody assay in cyno plasma. 
Similar standard curves and quality control samples 
performance were observed for all the assays devel-
oped in other matrices. All assays achieved 0.5 μg/ml 
LLOQ, using 12.5 μl or less of biological sample. Assay 
LLOQ could be improved from 0.5 to 0.1 μg/ml by 
using 50 μl of biological sample. Assay specificity was 
tested for all assays using six different lots of matrix, 
and the results from the conjugated-antibody cyno 
plasma assay using streptavidin cartridges are shown in 
Supplementary Table 4. For the quantitation of total-
antibody using anti-Id capture, in preclinical studies 
where soluble target interference is negligible, ideally, a 
stable-isotope labeled mAb with the labeling positions 
within the signature peptide would be used as the assay 
IS to track ADC analyte during the entire process of 
sample preparation, including immunocapture, tryp-
sin digestion and LC–MS/MS analysis. As a labeled 

mAb was not available for the ADC of interest, a sta-
ble-isotope labeled signature peptide was used as the IS 
and added into the samples after trypsin digestion to 
track the analyte during LC separation, and MS ion-
ization and detection. During the immunocapture and 
trypsin digestion process, where no IS was used, robust 
standard curves and QC performance was consistently 
demonstrated. For the total-antibody assay in human 
plasma using anti-Id capture, due to the presence of 
soluble target as discussed in the conjugated-payload 
assay, SIL IS of signature peptide is the choice for the 
assay. Meanwhile, the hybrid conjugated- antibody 
assay, using anti-payload capture theoretically mea-
sures conjugated-antibody unbound and bound to 
the soluble target which is a total conjugated-antibody 
assay and unaffected by the presence of soluble target.

Similarly to the approach used in the conjugated-
payload assay validation, evaluation of DAR sensitiv-
ity or bias of the total-antibody and conjugated-anti-
body assays was accomplished by measuring enriched 
DAR 2 and DAR 4 standards at two concentrations 
against standard curves prepared with the DAR 3 
reference material. No DAR bias was observed for 
the conjugated-antibody (Table 1) and total-antibody 
(Supplementary Table 5) hybrid assays using anti-pay-
load and anti-Id capture reagents, respectively, when 
conducted as described above using cartridges on the 
AssayMAP Bravo platform.

Comparison of immunocapture using cartridges 
& magnetic-beads
In our experience, DAR sensitivity for LB-LC–MS/MS 
conjugated-antibody assays depends on the platform 
used for the immunocapture. For the ADC of inter-
est, the hybrid conjugated-antibody assay using anti-
payload capture was DAR-insensitive in the Assay-
MAP Bravo cartridge immunocapture platform but 
was DAR-sensitive in the magnetic-beads platform, 
which showed a bias for DAR 2 QC samples. While 
the exact mechanism is unknown and warrants further 
investigation, it was hypothesized that the improved 
recovery of different DAR species in a chromatography 
extraction column equivalent process during immuno-
capture in cartridges (vs mainly surface interaction in 
beads format immunocapture and plate format LBAs) 
could partially account for the absence of DAR bias. It 
is plausible that different DAR species have different 
thermodynamic equilibrium constant but have similar 
rate constant for forward binding reaction (Kon). In 
addition to this observed different DAR characterizes 
for anti-payload capture conjugated-antibody assays 
for the random-conjugated ADC of interest, other 
major differences between cartridges and magnetic-
beads immunocapture for various analytes are capacity 
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and the different degree of automation. A comparison 
of the characteristics between these two platforms of 
immunocapture is shown in Supplementary Table 6.

Applications of hybrid assays in preclinical PK 
studies
The random-conjugated ADC of interest was dosed in 
a discovery rat PK study designed to compare various 
ADC-related analytes measured by LBAs and hybrid 
assays. The PK profiles of five analytes measured by 
hybrid assays are presented in Figure 6A. These are total-
antibody (red square, H3 assay), conjugated-antibody 
(blue diamond, H-4 assay) and conjugated-payload 
(blue cross, H-1 assay) which are three of the four com-
monly measured ADC analytes [10] (the unconjugated-
payload was not measured here). As reported in earlier 
publications, the payload is inactivated by metabolism 
and there are different anti-payload capture reagents 
available that are specific to the payload or to both pay-
load and the metabolite, respectively [20,21,58]. Payload 
and metabolite conjugated-antibody (green diamond, 
also an H-4 assay including the metabolite) was also 
measured which is labeled as conjugated-antibody 
(payload + metabolite) as well as conjugated-(payload 
+ metabolite) (green cross, also an H-1 assay including 
the metabolite). It should be noted that, as discussed 
in the earlier section, that the H-4 hybrid assay using 
anti-payload capture can capture conjugated-antibody 
both unbound and bound to soluble target. However, 
the soluble target level in rats is negligible, and it does 
not cross-react with human mAb of ADC. Therefore, it 
is likely that the two H-4 assays only measure unbound 
conjugated-antibody or conjugated-antibody (payload + 
metabolite). The three antibody assays, total-antibody, 
conjugated-antibody and conjugated-antibody (payload 
+ metabolite), were proven to be DAR-insensitive while 
the two payload assays were DAR-proportional. The 
ratio of conjugated-payload to total-antibody (average 
DAR, payload) and the ratio of conjugated-(payload + 
metabolite) to total-antibody (average DAR, payload 

and metabolite) across the PK time course were plotted 
in Figure 6B. This example demonstrated that hybrid 
assays are capable and sufficient to support ADC pre-
clinical PK studies, highlighting the versatility of the 
LC–MS/MS platform for ADC support. The com-
parison of the average DAR from conjugated-payload 
and from conjugated-(payload + metabolite) (Figure 6B) 
shows that at late time points (>200 h), on average, 
about one third to half of the payload is deconjugated 
and the rest of the conjugated (payload related) species 
are combination of payload and metabolite in which the 
metabolite is about a third to half of the payload.

DAR-insensitive versus DAR-sensitive assays
One complicating factor and a center of debate in 
ADC bioanalysis, especially in the random-conjugated 
ADCs, is related to the in vivo DAR change. The 
drug substance is a mixture of ADC species of differ-
ent DARs, typically 0 through 8 [9–11]. Unfortunately, 
most often, the individual DAR1–8 ADC reference 
standards are unavailable and only the drug substance 
with average DAR of 3 to 4 is used as the reference 
standard. As broadly reported in the literature, the 
DAR distribution in vivo is expected to change over 
time, following the administration of randomly conju-
gated ADCs, due to deconjugation, biotransformation 
and/or different clearance rates of the ADC species 
with different DARs [9–11]. The consequence for the 
quantitative bioanalysis is that the distribution of ana-
lyte species in the incurred samples is different from 
that in the calibrants. This is analogous to quantifying 
multiple metabolites of a small molecule drug using 
LC–MS/MS assays when the reference standards of the 
metabolites are unavailable and the reference standard 
of the parent compound is used to quantify all species. 
The mass spectrometric responses of the metabolites 
and the parent drug may not be the same leading to 
inaccurate measurements.

While the conjugated-payload assay is DAR-sensi-
tive, DAR-proportional in fact, by definition, the total-

Table 1. Drug to antibody ratio (DAR) characterization of conjugated-antibody assay in rat serum 
with anti-payload capture using cartridges on a AssayMAP Bravo: No DAR bias when DAR 2 and 
DAR 4 materials were measured against DAR 3 standard.

Conjugated-antibody 
(anti-payload capture) 

Measured mean 
(μg/ml)

Adjusted mean† 
(μg/ml)

Adjusted nominal† 
(μg/ml)

CV (n = 3) DEV%

DAR2 at 5 μg/ml 4.44 4.22 4.25 9.1 -0.8

DAR4 at 5 μg/ml 5.20 4.94 4.95 3.6 -0.3

DAR2 at 75 μg/ml 70.3 66.8 63.8 4.5 4.7

DAR4 at 75 μg/ml 68.6 65.2 74.3 8.1 -12.3
†Concentration was adjusted as DAR distribution of the standards follows Poisson distribution:
For ADC with DAR 2: 15% of naked antibody.
For ADC with DAR 3: 5% of naked antibody.
For ADC with DAR 4: 1% of naked antibody.
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Figure 6. Hybrid assays and ligand-binding assay in antibody–drug conjugate rat PK. (A) Hybrid assays measured 
conjugated-antibody (blue diamond), conjugated-antibody (payload + metabolite) (green diamond), total-
antibody (red square), conjugated-payload (blue cross) and conjugated-(payload + metabolite) (green cross). 
(B) In vivo average DAR change measured by hybrid assays, DAR by conjugated-payload (blue diamond) and DAR 
by conjugated-(payload + metabolite) (green diamond). (C) LBAs measured conjugated-antibody (blue diamond), 
conjugated-antibody (payload + metabolite) (green diamond) and total-antibody (red square). (D) Correlations of 
analytes (response ratios) from hybrid assays and LBAs. Conjugated-antibody (blue diamond) and total-antibody 
(red square). 
Conjugated-antibody (payload + metabolite): payload and metabolite conjugated-antibody; conjugated-(payload 
+ metabolite): antibody conjugated-payload conjugated to payload and the metabolite. 
ADC:Antibody–drug conjugate; DAR: Drug to antibody ratio; LBA: Ligand-binding assay.
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antibody and conjugated-antibody assays measure the 
antibody portion of ADCs and should ideally be DAR 
independent [9–11]. It has been widely reported and 
discussed that assay format, the capture and detection 
reagents used, and assay conditions affect the DAR 
characteristics of conjugated-antibody LBAs [9–11,19,28]. 
It is generally believed that the conjugated-antibody 
LBAs using anti-payload capture are more likely to be 
DAR-insensitive, but this may not always be the case 
and can be ADC molecules and reagents dependent. 

As an example, for the random-conjugated ADC of 
interest, the conjugated-antibody LBA developed 
using anti-payload capture reagents was DAR-sensi-
tive. In comparison, the hybrid conjugated-antibody 
assays in Figure 6A using anti-payload capture in 
cartridge format immunocapture were proven to be 
DAR-insensitive as shown in Table 1.

In addition to demonstrating the capabilities of 
various hybrid assays in analyzing ADCs analytes 
(Figure 6A), the rat PK study was also aimed at evalu-
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ating the correlation between LBAs and hybrid assays 
for ADC analytes, such as total-antibody and conju-
gated-antibody with assay DAR characteristics in the 
context. As shown in Figure 6C, the samples from the 
rat PK study were also analyzed for total-antibody, 
conjugated-antibody and payload and metabolite con-
jugated-antibody in the established traditional LBA 
methodology [20,21,58]. Several observations can be 
made when comparing Figure 6A & 6C and as shown 
in Figure 6D. One of the concerns of a DAR-sensitive 
conjugated-antibody assay, in comparison to a DAR-
insensitive one, is the underestimation of the antibody 
concentrations at late time points (up to theefold when 
average DAR decreases from the nominal of 3 at early 
time points to about 1 at late time points as commonly 
seen for random-conjugated ADCs) [10,28]. This could 
affect the reported trough concentrations and expo-
sure (AUC). Figure 6D shows that the concentration 
ratios of two conjugated-antibody (blue diamond) 
measured by DAR-insensitive hybrid in Figure 6A and 
DAR-sensitive LBA in Figure 6C increased from 1 at 
early time points to around 3 at later time points in 
the PK time course. The difference in AUC of the con-
jugated-antibody concentration versus time is about 
twofold (data not shown). This observation matched 
as reported by Stephan [28] and Kumar [19] in their LBA 
assay format evaluation and comparison of PK param-
eters. Figure 6D also shows the constant concentra-
tion ratios of total-antibody measured by the hybrid 
and LBA throughout the PK time course since both 
assays had the same DAR characteristics. It should be 
noted that this constant ratio ideally should be close to 
1 showing the complete equivalency of the two assays 
measured by different assay platforms. It could be due 
to experimental errors or other unknown reasons that 
the observed constant ratio is approximately 1.3. As a 
result, the C

max
 from the hybrid total-antibody is higher 

than those from the hybrid conjugated-antibody. If 
the difference of concentrations at late time points of 
PK profiles between conjugated-antibody (payload + 
metabolite) (green diamond) and conjugated-antibody 
(blue diamond) is due to payload metabolism, the 
DAR-sensitive LBAs (Figure 6C) could have overesti-
mated the degree of metabolism compared with the 
DAR-insensitive hybrid assays (Figure 6A).

Which conjugated-antibody assay is preferred, 
DAR-insensitive or sensitive? The question remains 
whether this threefold difference in trough concentra-
tion and twofold difference in AUC matter for the cor-
relation between exposure and toxicity/efficacy if both 
DAR-insensitive and sensitive conjugated-antibody 
concentrations are used at different stages of ADC 
development [16]. Despite of the diversity of structures, 
heterogeneity of components present in vivo and their 

continuous change are common for ADCs [8]. In most 
publications on ADC bioanalysis including well cited 
reviews [10] and the AAPS position paper [11], DAR-
insensitive conjugated-antibody assay is preferred. 
In a recent review paper on ADC bioanalysis LBAs, 
Kumar et al. [19] suggested to apply DAR-insensitive 
assays for IND toxicology studies with the rationale 
that this would generate better correlation between 
toxicology and exposure of all DAR species. We, 
then, may conclude that, in certain situations such 
as in this example, an LB-LC–MS/MS hybrid assay 
could be complementary to LBA, providing desired 
DAR-insensitive conjugated-antibody data.

Hybrid conjugated-payload assay versus 
conjugated-payload (DAR-sensitive 
conjugated-antibody) LBA
Three analytes were measured in a cyno PK study of 
the ADC of interest and the PK profiles are presented 
in Figure 7A, with conjugated-antibody (LBA) in blue, 
total-antibody (LBA) in red and conjugated-payload 
(hybrid) in green. The average DAR in vivo decreased 
from around 3, as in the dosed ADC material, to 
below 1 after about 1 week as is commonly seen for 
random-conjugated ADCs (Figure 7B). This indicates 
that, at later time points, on average, there is one pay-
load attached to each antibody. As previously reported, 
conjugated-payload (green) and conjugated-antibody 
(blue) profiles were parallel throughout the PK time 
course with a ratio approximately equal to the starting 
average DAR of 3.

The results shows a good correlation between a 
DAR-sensitive conjugated-antibody LBA and a conju-
gated-payload hybrid assay for the quantitation of the 
active component of ADCs. The DAR-proportional 
conjugated-payload data validates the DAR-sensitive 
conjugated-antibody data [21]. Stephan stated that 
DAR-sensitive conjugated-antibody assays can be used 
to monitor in vivo DAR change when conjugated-
payload assays are unavailable or for ADCs with non-
cleavable linkers [28]. Kumar et al. [19] expressed that 
DAR-sensitive conjugated-antibody LBAs or LC–MS/
MS based assays in early Discovery may be useful to 
better describe the changes in conjugated-payload over 
time and associated PK parameters. The argument is 
based on the hypothesis that conjugated payload is 
the main driver of efficacy at the site of action [19,25,59]. 
They further stated that ideally, a DAR-sensitive LBA 
would be equivalent to a conjugated-payload assay, as 
we observed in this example.

This suggests that the DAR-sensitive conjugated-
antibody assay is not measuring the conjugated-anti-
body but rather is measuring the conjugated-payload. 
DAR-sensitive conjugated-antibody is expressed as 
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Figure 7. Correlation of conjugated-antibody (ligand-
binding assay) and conjugated-payload (hybrid) in 
antibody–drug conjugate cyno monkey PK. (A) PK 
profiles of DAR-sensitive conjugated-antibody in 
ligand-binding assay (LBA) (blue diamond) which 
is equivalent to conjugated-payload in LBA, total-
antibody in LBA (red square); conjugated-payload in 
hybrid assay (green triangle). (B) In vivo change of 
average drug to antibody ratio. 
DAR: Drug to antibody ratio; LBA: Ligand-binding 
assay.
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the equivalent concentration of ADC standard. Con-
jugated-payload measures the payload attached to the 
drug antibody and by definition is DAR-proportional 
and has clear PK and PD meaning. If a DAR-propor-
tional assay is desired to monitor the payload change 
in vivo, then the conjugated-payload is the more direct 
assay. Changing the concentration unit of DAR-pro-
portional conjugated-antibody (e.g., multiplying the 
nominal DAR value in the ADC dosing material) will 
convert the result to conjugated-payload. In that regard 
a perfect DAR-sensitive conjugated-antibody assay 

should be called a DAR-proportional assay, which is 
indeed a conjugated-payload assay; while DAR-sensi-
tive assays refer to the assays which may not be able to 
stoichiometrically measure small molecule drug for all 
DAR species [19].

Since both assays are essentially the same, there is no 
need to conduct both assays in PK studies. Which con-
jugated-payload assay to use, DAR-sensitive LBA or 
hybrid assay? Hybrid conjugated-payload assay has less 
dependence on reagent availability especially in early 
Discovery. Generic reagents such as protein A and G 
can be readily available to be used to screen antibody, 
linkers, and payload to select the lead candidate. LBA 
conjugated-payload assay does require the anti-payload 
antibody. For the ADCs with noncleavable linkers 
LBA conjugated-payload assay is the assay of choice 
to monitor in vivo payload change. Post Discovery, 
i.e., IND enabling preclinical studies and clinical stud-
ies, if LBA conjugated-payload (aka DAR-proportional 
conjugated-antibody) is still desired, the assay can be 
processed in parallel with total-antibody and other 
assays in a harmonized and integrated fashion when 
same anti-Id capture reagent is used [20]. Alternatively, 
the fully established hybrid conjugated-payload assay, 
used since early Discovery can also be efficiently and 
effectively used to support ADC projects at later devel-
opment stages with either generic or specific capture 
reagents.

Discovery & development integrated ADC  
PK/BA strategies: choice of ADC analytes  
& assays in discovery PK, development TK 
& clinical PK studies
Currently, there is no industry-wide consensus for 
ADC bioanalysis except for the fact that total-antibody, 
conjugated-antibody and/or conjugated-payload, and 
unconjugated-payload are recommended as the major 
analytes for ADC PK [9–11,19]. It is understood that each 
unique ADC molecule may require a specific combina-
tion of analytes using a fit-for-purpose approach. The 
key elements of Genentech’s strategy [10,22] include 
investigating DAR distribution in vivo and testing all 
quantitative assays with individual DARs to ensure 
accurate quantitation of all ADC analytes in early 
discovery. Key PK analytes in nonclinical and clinical 
studies are total-antibody (LBA), conjugated-antibody 
or antibody conjugated-payload (hybrid assay) and 
unconjugated-payload (LC–MS). The conjugated-
payload represents the active ADC drug component 
and is the preferred analyte when possible in a hybrid 
assay using protein A as the generic capture reagent. 
Pfizer proposed a stage-specific BA strategy [9,19] 
where a DAR-sensitive conjugated-antibody LBA was 
applied in early discovery and a DAR-insensitive con-
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jugated-antibody LBA was preferred in development 
(IND-enabling and clinical studies). Pfizer scientists 
did acknowledge that evolution of assays could gen-
erate different PK profile and parameters at different 
stages of ADC development [19] as discussed above and 
reported by Genentech [28].

With limited experience on ADC performance in 
a clinical setting, it is still uncertain whether con-
jugated-antibody or conjugated-payload correlates 
more closely with efficacy and safety though it has 
been suggested that conjugated-payload is the key 
analyte for efficacy while (DAR-insensitive) conju-
gated-antibody is the preferred analyte for toxicol-
ogy correlations [19]. To maintain the continuity of 
bioanalytical analytes and assays at different stages 
of ADC development, one strategy to be consid-
ered is that in early discovery, because of the effi-
ciency, robustness and simplicity, a generic protein 
A or G capture conjugated-payload assay is ideal 
for screening and candidate selection. Generic cap-
ture total-antibody in LBA or hybrid format can be 
applied. In late discovery and early development, 
DAR-insensitive conjugated-antibody in LBA or 
hybrid format should be established if possible and 
both conjugated-antibody and conjugated-payload 
are measured. Assay performance in regard to DAR 
sensitivity should be evaluated at this stage using 
either enriched average DAR mixtures or purified 
individual DAR standards. It should be kept in mind 
that isolating individual DAR species for randomly 
conjugated ADCs is technically challenging and a 
fit-for-purpose assay strategy should be considered. 
Continuation with only one of the antibody-con-
jugate assays in late development is recommended, 
either a DAR-insensitive conjugated-antibody or 
a DAR-proportional conjugated-payload in either 
LBA or hybrid format depending on the technical 
strength of a particular bioanalytical lab and PK/PD 
correlations in early clinical studies. While currently 
there is a general belief that site-specific ADCs are 
the future of ADC development, and that ADC bio-
analysis will be much simplified with reduced in vivo 
heterogeneity, we would like to caution that deter-
mining optimal conjugation sites for site-specific 
ADCs could be a challenging task. Either site-spe-
cific ADC shifts the bioanalytical focus and difficul-
ties to different stages or randomly conjugated ADCs 
will continue to be one of the major directions of 
ADC development.

Conclusion
The complex nature of ADCs presents unique bioan-
alytical challenges and requires the measurement of 
multiple analytes. Both LBA and LC–MS/MS assays 

and their combination, LB-LC–MS/MS hybrid 
assays, are used in PK bioanalysis of ADCs. The 
use of ‘LB’ rather than ‘affinity capture,’ ‘immuno-
capture’ in the terminology of hybrid assays could 
facilitate the understanding of the nature of these 
assays and promote their flexible and fit-for-purpose 
applications. A series of hybrid assays, complemen-
tary or as substitutions for LBAs, were developed for 
a random-conjugated ADC, by combining anti-Id 
or anti-payload capture, and cathepsin-B or tryp-
sin enzymes for the analysis of conjugated-payload, 
total-antibody and conjugated-antibody. Hybrid 
assays are capable of exclusively supporting ADC 
bioanalysis for PK studies. Generic reagents such as 
protein A and protein G have also been used in both 
the conjugated-payload and total-antibody hybrid 
assays. In general, hybrid assays using generic cap-
ture reagents are equivalent to those using specific 
anti-Id capture reagents in preclinical species when 
soluble target interference is negligible. On the con-
trary, in human plasms/serum samples, hybrid assays 
using protein A and G capture will measure analytes 
(conjugated-payload or total-antibody) in which 
the mAb unbound and bound to the soluble target 
while assays using anti-Id capture measures soluble 
target unbound ADC analytes. When considering 
which technology or platform to use in ADC bio-
analysis and PK modeling, the comparison of LBAs 
and hybrid assays should include factors related to 
analytes being measured, assay DAR characteristic 
and platform availability. LBAs and hybrid assays 
can be complementary or alternative to each other in 
ADC bioanalysis. To be specific: DAR-proportional 
hybrid conjugated-payload assay is complementary 
to DAR-insensitive conjugated-antibody LBA and 
an alternative to DAR-sensitive conjugated-antibody 
LBA. DAR-insensitive hybrid conjugated-antibody 
assay is complementary to DAR-sensitive conju-
gated-antibody LBA. DAR-insensitive total-anti-
body hybrid assay and LBAs are alternatives to each 
other. The results of these assay investigations and 
comparisons demonstrate the possibilities of flexible 
and fit-for-purpose ADC bioanalytical assay strate-
gies at different stages of ADC development and 
also tailored to the capabilities and preference of a 
particular bioanalytical laboratory with a focus on 
LBAs or LB-LC–MS/MS hybrid assays, and to the 
particular ADC constructs worked on. The strategy 
applied to ADC bioanalysis continues to evolve and 
industry-wide harmonization is desirable.

Future perspective
Diversified bioanalytical assays will continue to be 
used to support ADC PKs. More clinical data on a 
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variety of ADCs will help to decide which ADC ana-
lyte correlates more closely with safety and efficacy. We 
will see more applications of hybrid LB-LC–MS/MS 
conjugated-payload assays in Discovery to measure 
preclinical PK studies in addition to evaluating in 
vitro and in vivo linker and payload stabilities and 
payload metabolism using generic reagents. Either 
hybrid or LBA conjugated-payload (DAR-sensitive 
conjugated-antibody) assay can continue into Devel-
opment to analyze regulated preclinical and clinical 
studies with a focus on efficacy correlation. As ADC 
toxicity can be both payload- and antigen-dependent, 
DAR-insensitive conjugated-antibody plays a signifi-
cant role in establishing safety margins, and correlat-
ing preclinical and clinical ADC exposures. While 
LBAs have been the primary assays for total-antibody 
and (DAR-insensitive) conjugated-antibody, with 
more pharmaceutical companies and CROs working 
on ADCs and more experience industry-wide, and 
particularly because of the integration and close col-
laboration between LBA- and LC–MS/MS-based lab-
oratories, there will be more applications of LB-LC–
MS/MS hybrid assays for the analysis of these two 

ADC-related analytes. Immunocapture at the ADC 
and peptide-level coupled with micro- or nano-LCs 
will increase the sensitivity of these LB-LC–MS/MS 
hybrid assays.
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Executive summary

•	 Antibody–drug conjugate (ADC) molecules are heterogeneous mixtures and in vivo have a continuous 
dynamic change of composition. Randomly conjugated ADCs have higher degrees of complexity. Although 
each unique ADC may require a specific group of analytes, in general, four analytes are commonly measured 
in ADC PK studies including total-antibody, conjugated-antibody, conjugated-payload and unconjugated-
payload using LBA, LC–MS/MS and ligand binding (LB)-LC/MS/MS hybrid assays.

•	 LB-LC–MS/MS hybrid assays were developed to measure total-antibody, conjugated-antibody and conjugated-
payload in ADC PK studies. These assays are capable of fully supporting ADC bioanalytical needs and may be 
considered as alternative or complementary to traditional ligand-binding assays (LBAs).

•	 The drug to antibody ratio (DAR) sensitive hybrid conjugated-payload assay measured different DAR species 
accurately against an ADC reference standard with average DAR of 3. The assay results correlated well with 
the LBA conjugated-payload (DAR-sensitive conjugate-antibody) assay.

•	 Hybrid total-antibody and conjugated-antibody assays were DAR-insensitive using anti-Id and anti-payload as 
capture reagents, respectively.

•	 The immunocapture in the cartridge and beads formats generated different DAR characteristics for hybrid 
conjugated-antibody assays using the same anti-payload capture reagent for a random-conjugated ADC 
studied. More investigations and comparisons are warranted.

•	 Currently there is no industry-wide standard strategy or procedures for ADC bioanalysis.
•	 While stage specific assay strategies are currently being discussed throughout the industry, a Discovery and 

Development integrated ADC bioanalysis strategy with the focus of assay continuity, flexibility and fit-for-
purpose is proposed;

•	 Due to their independency on specific reagents, DAR-proportional hybrid conjugated-payload assays have an 
edge in early Discovery for compound screening and candidate selection.

•	 DAR-sensitive conjugated-payload in hybrid or LBA format can be continued into late Discovery and early 
Development stages while DAR-insensitive conjugated-antibody assays in either LBA or hybrid formats should 
be developed.

•	 Either DAR-sensitive conjugated-payload or DAR-insensitive conjugated-antibody assay could be carried 
into later Development once efficacy/toxicity and exposure relationship (of a specific analyte) has been 
established.

•	 ADC bioanalytical strategies continue to evolve. The choice of LBA or hybrid platforms for the quantitation of 
the major ADC PK analytes can be made on a case-by-case, fit-for-purpose fashion and is also dependent on 
the strength of a particular bioanalytical lab and its ADC bioanalytical philosophy.
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Background: The bioanalytical strategy for antibody–drug conjugates (ADC) includes 
multiple integrated measurements of pharmacologically relevant ADC. Methods 
& results: Three ligand-binding assays were validated for the measurement of total 
antibody, active ADC and total ADC. Accuracy and precision demonstrate%bias from 
-8 to 14%, %CV from 3 to 11% and total error from 3 to 21%, with >98% samples 
meeting incurred sample reanalysis criteria. Each assay met stability, selectivity, 
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Implementation of a microfluidic automated platform enabled high throughput 
sample analysis of multiple analytes with minimal sample processing.
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Antibody–drug conjugates (ADC) are a 
re-emerging class of cancer therapeutics 
that have shown promise in treating can-
cer patients with the goal of maximizing 
therapeutic exposure at the tumor site while 
minimizing systemic exposure and the severe 
side effects of conventional chemotherapeu-
tics. The growing database for ADC-based 
targeted therapies, including monoclonal 
antibodies conjugated to DNA alkylators, 
DNA strand breakers, tubulin inhibitors and 
tubulin stabilizers [1–3], continues to broaden 
our knowledge base and provides advantages 
to the development of additional targeted 
therapy options including peptide drug con-
jugates, nanocarriers and viral drug delivery 
systems.

Randomly conjugated ADC, resulting in 
highly heterogeneous mixtures of drug prod-
uct with varying numbers of payload conju-
gated to each antibody molecule at variable 
conjugation sites, have provided significant 

challenges for the analytical community. 
One of the challenges to the bioanalytical 
community is whether to develop assays that 
are sensitive or insensitive to the drug anti-
body ratio (DAR). There are a wide variety of 
opinions currently in debate, but there is yet 
to be a consensus on which is more correla-
tive with safety and efficacy parameters. Fur-
thermore, this may be different for different 
ADC. There are many valuable case studies 
in the literature that we can use to guide our 
evolving bioanalytical strategies for quantify-
ing ADC [4–8], however, the complex nature 
of ADC along with the potential for activity 
modulating biotransformation events cur-
rently necessitates a multianalyte bioana-
lytical strategy comprised of measuring the 
intact ADC (Ab conjugated to payload), total 
Ab and unconjugated payload.

This manuscript describes the validation 
of the three ligand binding bioanalytical 
assays utilizing highly specific reagents piv-
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otal to our current bioanalytical strategy to measure 
total antibody, active ADC and total ADC. The total 
antibody (Ab) assay measures total circulating thera-
peutic antibody irrespective of the presence or absence 
of conjugated payload or payload metabolites.

[Total Ab] = [Active ADC] + [Inactive ADC] + 
[unconjugated Ab]

The active ADC assay measures free or partially free 
antibody (one or both arms of the antibody are not 
bound to soluble target [9]) conjugated to active pay-
load. When developed for quantitative payload sensi-
tivity, the active ADC ligand-binding assay (LBA) can 
be used to determine DAR and should be highly analo-
gous to the antibody conjugated payload assay mea-
sured via immunocapture LC–MS/MS (IC-LC–MS/
MS). The total ADC assay measures free or partially 
free antibody [9] conjugated to active payload or conju-
gated to inactive payload metabolites. 

[Total ADC] = [Active ADC] + [Inactive ADC].
It is likely that site specific technologies will further 

impact bioanalytical strategies. As ADC and other 
multiple domain therapeutics become more homo-
geneous through the implementation of site specific 
conjugations [10,11], analytical methods for character-
izing those therapeutics become less complex. Limited 
information is available in the literature for ADC that 
have payload that undergo modification exclusive from 
deconjugation as is the case discussed in this manu-
script, preceding manuscripts [12,13] and manuscripts 
in preparation  [Wang  et  al. Antibody–drug conjugate bio-

analysis using lb-lc–ms/ms hybrid assays: strategies, method-

ology and complementarity to lba (2016), Submitted] . These 
biotransformation events can have significant impact 
on the potency of the molecule, making it important 
to differentiate between the resulting active and inac-
tive analytes. Antipayload antibodies that specifically 
recognize the parental active version of the payload and 
the metabolized/inactive version of the payload greatly 
facilitate the measurement of pharmacologically rel-
evant ADC.

Experimental
LBAs: total Ab, active ADC & total ADC
All of the LBAs were technically and operationally har-
monized to improve efficiency and data integration as 
described in Myler et al. [12] and in the methods sec-
tions below. In brief, the same standards, quality con-
trols (QC), patient samples, capture Ab and buffers 
were used for all analytes measured in the LBA assays. 
Distinct detection Abs were used to provide analyte 
specificity for the active ADC, total Ab, or total ADC 
analytes. A single, 20-μl aliquot was used to generate 
results for all three analytes. Additionally, the anti-
body conjugated payload immunocapture-LC–MS/

MS assay described in Liu et al. [13] uses the same 
capture antibody as the three LBA to provide further 
continuity.

Nonclinical toxicokinetic methods
The nonclinical methods used to support the GLP 
toxicology studies utilized a sandwich immunoassay 
format and the standard MULTI-ARRAY® microplate 
(Meso Scale Discovery [MSD], Gaithersburg, MD) 
platform. Nonclinical method details are described in 
Myler et al. [12].

Clinical pharmacokinetic methods
The following instruments, chemicals, noncritical 
reagents and matrices were used: EZ-Link™ NHS-
LC–LC-Biotin (Thermo Scientific, MA, USA), Alexa 
Fluor647 NHS ester (Succinimidyl Ester; Thermo 
Scientific, MA, USA), Human Serum, CD-1 mouse 
serum (Bioreclamation), 10% Tween-20 (Thermo Sci-
entific, MA, USA), Glycine (JT Baker, PA, USA), 10% 
sodium dodecyl sulfate (SDS; Life Technologies, NY, 
USA), Immunoassay Diluent (ANP Tech., DE, USA), 
Milli-Q ‘Synthesis’ Water Treatment/Purification Sys-
tem (EMD Millipore, MA, USA), Stericup-GP, 0.22 
μm, polyethersulfone, 1000/1000 ml, radiosterilized 
filters (EMD Millipore).

A mouse anti-idiotype (anti-Id) monoclonal anti-
body was biotinylated [12] and used as the capture 
reagent for all ADC analytes. The same anti-id Ab was 
also conjugated to Alexa-647 and used as a detection 
reagent for the total Ab assay. An antipayload mAb 
that binds specifically to only the active form of the 
payload (described above) was conjugated to Alexa-
647 (Thermo Scientific, MA, USA) and used to detect 
the active ADC analyte. An antipayload mAb that 
binds to both the active and inactive form of the pay-
load was conjugated to Alexa-647 NHS ester (Thermo 
Scientific, MA, USA) and used to detect the total 
ADC analyte.

The clinical method for quantitation of active ADC, 
total Ab and total ADC utilized Bioaffy 1000 micro-
fluidic CDs containing streptavidin-coated columns 
with a Gyrolab xP Workstation (Gyros Inc, Uppsala, 
Sweden). Each automated Gyros run was executed 
using the Gyrolab control software (version 5.4). Three 
Gyrolab runs were utilized to measure the unique ADC 
analytes. Two wash solutions were used for all Gyrolab 
runs. Wash solution 1 consisted of 0.05% Tween 20 in 
PBS and was connected to station 1 and also used as 
the hydraulic solution for sample and reagent needles. 
Wash solution 2 consisted of 50 mM glycine, 0.5% 
SDS, pH 9.5 and was connected to wash station 2. All 
wash solutions were filtered prior to use. The mini-
mum required dilutions (MRD) for all analytes were 
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prepared with immunoassay diluent containing 2% 
CD-1 mouse serum. The MRD for the active ADC 
assay was 1:20, total Ab assay was 1:50 and total ADC 
assay was 1:100. Total Ab and total ADC MRD were 
prepared from the active ADC MRD.

All Gyros runs were executed as laboratory infor-
mation management system (LIMS) runs, and work 
lists were generated by PPD Laboratories® proprietary 
LIMS (Assist LIMS, Version 5.4). Gyros runs for the 
active ADC and total ADC analytes utilized a three-
step Gyrolab method (Capture-Analyte-Detection) 
with a PMT gain of 5%. The capture Ab for the 
active ADC and total ADC analytes was diluted to 
100 μg/ml in Immunoassay Diluent. Rexxip F Buffer 
(Gyros Inc.) was used to dilute the active ADC detec-
tion Ab (4 μg/ml) and the total ADC detection Ab 
(0.5 μg/ml). For the total Ab, a master mix containing 
50 μg/ml biotin- and Alexa-647-conjugated anti-Id 
Ab was mixed with an equivalent volume of the total 
Ab MRD and then incubated for 30–120 min prior 
to loading sample plates and initiating the run on the 
Gyrolab xP workstation. The Gyros run for the total 
Ab analyte used a one-step Gyrolab method with PMT 
gain of 5% to deliver samples containing the bridged 
complexes to the CDs. A four parameter logistic regres-
sion curve with 1/Y2 weighting was used to calculate 
the concentrations of active ADC, total Ab, total ADC 
in the samples.

Method validation experimental design
Bioanalytical methods employed to support regulated 
studies such as IND-enabling toxicology studies and 
clinical studies are validated according to specified 
criteria as defined in various Bioanalytical Method 
Validation Guidance’s and Guidelines [4,14–17]. Stan-
dard parameters to be assessed include: intra- and 
interassay accuracy and precision, selectivity, specific-
ity, dilutional integrity and/or carryover, and stability. 
Acceptance criteria for these parameters can be found 
in the cited guidance’s but generally consist of preci-
sion requirements of ≤20% coefficient of variation 
(%CV) and accuracy within ±20% bias (or difference 
from theoretical). Experimental design and criteria 
details described below pertain specifically to the clini-
cal assay validation but are highly comparable to that 
used for the nonclinical assay validation.

Accuracy & precision
Intra- and inter-assay accuracy and precision are evalu-
ated as described in DeSilva et al. [4]. All validation 
samples were prepared in 100% matrix prior to per-
forming the MRD. Standard levels included: 100 
(low anchor point), 200 (LLOQ), 400, 800, 1600, 
3200, 6400, 12,800 (ULOQ) and 25,600 ng/ml 

(high anchor point). QC levels included: LLOQ at 
200 ng/ml; low QC (LQC) at 600 ng/ml; mid QC 
(MQC) at 2000 ng/ml; high QC (HQC) at 10,000 
ng/ml and ULOQ at 12,800 ng/ml. QCs at each level 
were analyzed (n ≥ 3) in six separate runs each assay. 
The dilution QC at 128,000 ng/ml, was diluted 1:50 
in 100% human serum prior to performing the MRD. 
The intra-assay and inter-assay precision (%CV) of 
the LLOQ was required to be ≤25.0%; precision at 
all other levels were required to be ≤20.0%. The intra-
assay and interassay accuracy as assessed by % differ-
ence from theoretical (DFT) or bias at the LLOQ was 
required to be within ±25.0% and within ±20.0% at 
all other levels. Total error (precision + |accuracy|, or 
TE) was required to be ≤ 40.0% at the LLOQ and 
≤30.0% at all other levels.

Selectivity
Matrix samples from at least ten individual human 
donors from each of the applicable patient popula-
tions including healthy human donors, ovarian can-
cer patients, mesothelioma patients, pancreatic cancer 
patients, non-small-cell lung cancer patients and gas-
tric cancer patients were analyzed at blank, LLOQ and 
HQC levels to evaluate assay selectivity.

Eighty percent of the blank samples from each 
population were required to quantitate less than the 
LLOQ. For each population indicated above, at least 
80.0% of the samples at the LLOQ level were required 
to quantitate within ±25.0% of the theoretical value, 
and at least 80.0% of the samples at the HQC level 
were required to quantitate within ± 20.0% of the 
theoretical value.

Runs containing selectivity samples must also con-
tain pooled matrix controls prepared at equivalent 
concentrations (LLOQ and HQC). For each run con-
taining selectivity samples at the LLOQ level, at least 
two of the three pooled matrix control replicates at the 
LLOQ were required to quantitate within ±25.0% of 
the theoretical value and have a %CV ≤25.0%. For 
each run containing selectivity samples at the HCQ 
level, at least two of the three pooled matrix control 
replicates were required to quantitate within ±20.0% 
of the theoretical and have a %CV ≤20.0%. Selectiv-
ity samples analyzed in runs containing pooled matrix 
control samples (at the same level) that failed to meet 
the above acceptance criteria were re-evaluated in a run 
with acceptable controls.

Selectivity testing was also done in hemolytic and 
lipemic samples. To evaluate the effect of sample hemo-
lysis on study sample quantitation, low and high QCs 
were prepared in matrix hemolyzed to approximately 
1100 mg/dl free hemoglobin and analyzed (n = 6 
each level). To evaluate the effect of lipemia on study 
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sample quantitation, low and high QCs were prepared 
in lipemic matrix with >300 mg/dl triglycerides and 
analyzed (n = 6 each level). The %CV and mean accu-
racy was required to be ≤20.0% and within ±20.0%, 
respectively. The blank hemolyzed matrix was required 
to quantitate below the LLOQ.

Specificity
Anticipated supraphysiological levels of soluble tar-
get (0, 10.0, 30.0, 90.0 270, 810, 2430, 7290 ng/ml), 
inactive ADC (0.00, 400, 1200, 1800 ng/ml), uncon-
jugated Ab (0.00, 400, 1200, 1800 ng/ml) and anti-
drug antibody (ADA; 0.00, 16.0, 80.0, 400, 2000 
and 10,000 ng/ml) were evaluated minimally at the 
blank, LQC and HQC levels to assess interference in 
the total antibody, total ADC and active ADC assays. 
Each interference sample (drug plus potential interfer-
ing factor), prepared in pooled serum, was incubated 
at 37°C for at 1–2 h and then frozen at -80°C ± 10°C 
prior to analysis. Noninterference of the compounds 
was demonstrated if the interference sample was within 
±20.0% of the theoretical value. The ADA used in 
this experiment was an affinity purified polyclonal Ab 
derived from hyperimmunized rabbit serum. Rabbits 
were immunized with drug substance.

The inactive ADC reagent was a discovery grade 
reagent used to provide qualitative results and facilitate 
a better understanding of the specificity of each of the 
total Ab, total ADC and active ADC assays. Although 
quantitative acceptance criteria were not applied to the 
inactive ADC interference evaluations, inactive ADC 
concentrations were expected to be additive for the 
total Ab and total ADC assays. To demonstrate speci-
ficity of the active ADC assay for active analyte only, 
inactive ADC was required to not be measurable in 
blank control samples or to positively bias LQC and 
HQC samples. In order to determine a lack of inter-
ference of the inactive ADC (metabolite or impurity) 
in the active ADC assay, inactive ADC was required 
to not interfere in the quantitation of the active ADC 
high and low QCs.

The results for unconjugated Ab were expected to 
be additive for the total Ab assay only. In order to 
determine a lack of interference of the unconjugated 
Ab (metabolite or impurity) in the total ADC and 
active ADC assays, unconjugated Ab was required to 
not interfere in the quantitation of the total ADC and 
active ADC high and low QCs.

Stability
The following stability conditions were evaluated: 
long-term stability in frozen matrix, freeze–thaw 
stability, analyte stability in thawed matrix and pro-
cessed sample stability. Stability samples were spiked 

at the HQC, LQC and Dil QC levels in pooled nor-
mal human serum. For all stability tests five values 
were required to calculate stability statistics for each 
QC level tested and the %CV and the mean accuracy 
of the replicate determinations were required to be 
≤20.0% and within ± 20.0%, respectively.

The effect of freezing the analyte in biological 
matrix and storing samples in this condition over an 
extended period of time was evaluated by analyzing 
low, high, and Dil QCs (n = 6) stored in a cryofreezer 
to support cryofreezer storage and stored in a freezer 
to support freezer storage. Long-term stability ≥12 
months is ongoing.

The influence of the physical processes of freezing 
and thawing on analyte stability in biological matrix 
was evaluated by subjecting low, high, and Dil QCs 
(n = 6) to eight freeze–thaw cycles (8FT). For the first 
freeze–thaw cycle, samples were maintained at -80°C 
for a minimum of 24 h and for subsequent cycles, the 
samples are held in the freezer for at least 12 h. Follow-
ing each freezer cycle, the samples are removed from 
the freezer until completely thawed.

To evaluate whether holding samples in a thawed 
state at room temperature for at least 6 h or on wet 
ice for at least 24 h adversely affects analyte stability 
in biological matrix, low, high and Dil QCs (n = 6) 
were maintained frozen for a minimum of 24 h and 
then thawed and maintained at room temperature for 
at least 6 h or on wet ice for at least 24 h.

To evaluate whether holding samples that have been 
diluted in the minimum required dilution (MRD) 
buffer adversely affects analyte stability, low, high and 
Dil QCs (n = 6) were diluted to the MRD with MRD 
buffer and then maintained at least 16 h at room tem-
perature. Additional sets of processed stability samples 
(n = 6) were diluted to the MRD in MRD buffer and 
maintained for 24 and 48 h at 2–8°C.

Dilutional integrity & hook effect
The ability to dilute study samples >ULOQ was evalu-
ated by preparing a Dil QC at or above the estimated 
maximum concentration (C

max
) of ADC in study 

samples and diluting it into assay range. The Dil QC 
was prepared by spiking reference material into pooled 
normal human serum to achieve a concentration of 
128,000 ng/ml drug in at least 98% serum. Serial dilu-
tions were prepared by diluting the Dil QC in 100% 
pooled normal human serum prior to diluting to the 
MRD. The dilution series extended above and into the 
range of quantitation and were analyzed at 128,000 
ng/ml (Dil 1), 32,000 ng/ml (Dil 4), 8000 ng/ml (Dil 
16), 2000 ng/ml (Dil 64) and 500 ng/ml (Dil 256).

The %CV and the mean accuracy for each dilution 
QC replicate was required to be ≤20.0% for those dilu-
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tions within the range of quantitation. For dilutions 
where the expected response after dilution is above 
the highest calibration curve point, the result was 
required to read above the highest calibration standard 
or greater than the ULOQ. Samples with concentra-
tions of analyte greater than the ULOQ that quanti-
tate within the range of quantitation are indicative of a 
prozone or hook effect.

Carryover
To evaluate the potential carryover of transfer needles, 
a QC pool prepared at the LLOQ and diluted to the 
MRD in MRD buffer was transferred from the sample 
plate to the CD by all eight sample needles (one rep-
licate; 2 CD structures) before and immediately after 
each needle had transferred one replicate (two CD 
structures) of a Dil QC sample (128,000 ng/ml) from 
the sample plate to the Gyros CD. Thee-fourths of the 
LLOQ samples transferred before and after the Dil 
QC were required to have %CV and mean accuracy 
values ≤25.0% and within ± 25.0%, respectively.

DAR sensitivity
Due to the discovery grade quality of the DAR 
reagents, DAR sensitivity testing was done outside of 
the formal validation as part of method development 
to further characterize the active ADC assay which is 
the assay thought to best correlate with safety and effi-
cacy. The standards and QCs were prepared from ref-
erence material (mean DAR 3.0) and drug substance 
with mean DAR of 3.9, 2.0, 1.7 and 0.8 were evaluated 
at the low, middle and high ends of the standard curve. 
Purified DAR species testing is in progress and will be 
included in a subsequent manuscript.

Results & discussion
The bioanalytical strategy consisted of several inde-
pendent measures of the ADC including: total anti-
body, active ADC, total ADC, Ab-conjugated payload, 
unconjugated payload, soluble/shed target, a panel of 
biomarkers indicative of programmed cell death and 
a series of immunogenicity assays designed to eluci-
date antidrug antibody specificity and is described in 
Myler et al. [12]. The three LBA used to assess PK were 
technically and operationally harmonized to maxi-
mize functionality and data integration. To further 
increase efficiency in the clinical setting, the platform 
was changed from a plate-based electrochemilumines-
cense platform to a CD-based microfluidics platform 
that required only a single, 20 μl aliquot to generate 
results for the three analytes. The same standards, 
QCs, patient samples, capture Ab and buffers were 
used for all analytes. Distinct detection Abs were used 
to provide specificity for the active ADC, total Ab, or 

total ADC analytes. Each sample was diluted to the 
analyte-specific MRD and was run in accordance with 
Figure 1. The diluted samples were loaded onto the 
Gyrolab and analyzed for active ADC, total Ab and 
total ADC in series. The bridging incubation for the 
total Ab occurred during the active ADC run time 
so as to eliminate down time due to incubation steps. 
Each CD has a run time of 1 h, enabling the generation 
of approximately 200 results in 7 h by a single analyst 
(6-h run time and 1-h sample preparation).

Validation results
The assays described herein were validated in accor-
dance with current global regulatory guidance’s [14–17] 
and are consistent with applicable white papers [7].

Accuracy & precision
The assay range for the three clinical assays (LLOQ at 
200 ng/ml to ULOQ at 12,800 ng/ml) was established 
and validated so that clinical sample dilution was min-
imized, thereby maximizing operational efficiency.

Table 1 provides a summary of the clinical validation 
accuracy and precision data for the active ADC, total 
Ab and total ADC assays. For all 3 LBA, total error 
ranged from 4.4 to 21.4, %Bias ranged from -2.6 to 
13.8 and %CV (interassay) ranged from 3.8 to 10.7. For 
the active ADC alone, total error ranged from 6.6 to 
16.8, %Bias ranged from 2.0 to 8.9 and %CV (interas-
say) ranged from 3.8 to 7.9, well within the acceptable 
limits per regulatory guidelines. Supplementary Table 1 
provides a validation summary for the nonclinical vali-
dation of the total Ab and active ADC assays in rat and 
monkey serum. For all LBA in both nonclinical species 
matrix, total error ranged from 3 to 15, %Bias ranged 
from -8 to 10 and %CV (interassay) ranged from 3 to 
9. All parameters tested including accuracy and pre-
cision, robustness, hook effect, dilutional integrity, 
selectivity, specificity and stability met acceptance cri-
teria. Additionally, 54/54 (100%) of the total Ab and 
52/54 (96%) of the active ADC samples met incurred 
sample reanalysis (ISR) criteria, were within 30% of 
the original value.

Selectivity
Over 80% of samples prepared at LLOQ & HQC lev-
els in healthy human donor, ovarian cancer, mesotheli-
oma, pancreatic cancer, non-small-cell lung cancer and 
gastric cancer patient serum met acceptance criteria, 
within ±25% bias at LLOQ and ±20% bias at HQC; 
100% of blank samples < LLOQ (Figure 2). There was 
no effect from hemolysis, ≥1100 mg/dl of hemoglobin, 
or lipemia, >300 mg/dl triglycerides, on the quantita-
tion of the active ADC, total Ab, or total ADC (data 
not shown).
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Figure 1. Automated GyrolabTM xP workstation enabled development of single, multianalyte PK Method: 192 
results in 7 h by one analyst.
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Specificity
Target sensitivity
The relevance of soluble and/or shed target levels in 
the ADC PK assays are described in greater detail in 
Myler et al. [12]. The clinical assay validation results for 
this parameter are described herein. Shed target has no 
impact on samples that do not contain ADC. In the 
active ADC and total Ab assays, no interference was 
observed for the LQC with soluble target ≤90 ng/ml 
(10, 30 and 90 ng/ml); negative bias was observed for 
LQC spiked with soluble target ≥270 ng/ml (270, 810, 
2430 and 7290 ng/ml). No interference was observed 
for HQC spiked with soluble target ≤810 ng/ml (10, 
30, 90, 270 and 810 ng/ml); negative bias observed 
for HQC spiked with soluble target at 2430 and 
7290 ng/ml. In the total ADC assay no interference 
was observed for the LQC spiked with soluble target 
≤270 ng/ml (10, 30, 90 and 270 ng/ml); negative 
bias was observed for LQC spiked with soluble target 
≥810 ng/ml (810, 2430 and 7290 ng/ml). No interfer-
ence was observed for HQC spiked with soluble target 
≤2430 ng/ml (10, 30, 90, 270, 810 and 2430 ng/ml); 
negative bias was observed for HQC spiked with solu-
ble target at 7290 ng/ml. As discussed previously, the 
measurement of free (at least one Ab arm not bound 
to target) active (nonmetabolized payload) ADC is the 
desired measurement as this allows for a more accurate 
determination of bioactive ADC.

Anti-drug antibody interference
ADA impact on PK is assessed during method valida-
tion by spiking an ADA positive control into high and 
low quality controls. The impact of ADA on exposure 
response analysis is described in the literature and was 
recently addressed by the global bioanalytical consor-
tium [18]. No interference was observed at the blank 
or HQC spiked with ADA up to 10,000 ng/ml (16, 
80, 400, 2000 and 10,000 ng/ml). In the active ADC 
assay, no interference was observed for LQC spiked 
with ADA ≤400 ng/ml (16, 80 and 400 ng/ml); nega-
tive bias was observed for LQC spiked with ADA at 
2000 and 10,000 ng/ml. In the total Ab and total ADC 
assays, no interference observed for LQC spiked with 
ADA ≤2000 ng/ml (16, 80, 400 and 2000 ng/ml); 
negative bias was observed for LQC spiked with ADA 
at 10,000 ng/ml.

Analyte specificity & impurity/metabolite 
tolerance
To test the specificity of the active ADC, total Ab and 
total ADC assays, drug product with a mean DAR of 
3.0 was spiked with increasing levels of inactive ADC 
that had chemically inactivated payload or unconju-
gated Ab that had no payload. Inactive ADC should be 
detectable in the total Ab and total ADC assays only. 
Unconjugated Ab should only be detectable in the 
total Ab assay. Impurity and or metabolite levels were 

1000 nl BioaffyCDMRD (1:20)

MRD (1:100)

MRD (1:50)

20 µl

Active ADC capture 
and detection Abs

Total ADC capture 
and detection Abs

(3) Total ADC

Bridging incubation

(2) Total Ab

(1) Active ADCTotal Ab capture 
and detector Abs
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selected based upon the nonclinical primate model 
where active ADC was shown to comprise 20–25% of 
the heterogeneous mixture 504 h after dosing [12].

The presence of inactive ADC or unconjugated Ab 
was not expected to interfere with or positively bias the 
quantitation of the active ADC analyte, because the 
detection Ab for active ADC assay is specific for the 
active form of payload. The results presented in Table 2 
show that all blank samples spiked with increasing lev-
els of inactive ADC or unconjugated Ab impurity or 
metabolite quantitated below the LLOQ, and that all 
LQC and HQC samples spiked with increasing levels 
of impurity or metabolite quantitated within ± 20% of 
the nominal ADC concentration, demonstrating spec-
ificity for the active payload and insignificant interfer-
ence from unconjugated Ab and inactive ADC when 
spiked at up to 75% of the heterogeneous mixture.

Inactive ADC and unconjugated Ab were both 
expected to be measurable in the total Ab assay. The 
expected result for the total Ab assay spiked with 
unconjugated Ab was expected to be equal to the sum 
of the nominal concentration of ADC and unconju-
gated Ab. The results presented in Table 3 show that 

all samples spiked with increasing levels of unconju-
gated Ab quantitated within ± 20% of the expected 
result [ADC + unconjugated Ab], demonstrating equal 
quantitation of unconjugated Ab and Ab conjugated to 
payload (mean DAR of 3.0) in the total Ab assay at up 
to 75% unconjugated Ab impurity or metabolite. The 
concentration of unconjugated Ab was not accounted 
for in the analytical specifications for the inactive ADC 
reagent. Thus, over-recovery was anticipated in the 
total Ab assay and only qualitative data was reported 
for this impurity. Results presented in Table 3 indicate 
that increasing concentrations of the inactive ADC 
in samples prepared at blank, low and high QC levels 
resulted in cumulative increases in measured concen-
trations of total Ab. It is understood that higher levels 
of unconjugated Ab impurity exist in this formulation 
than were accounted for in the specifications and/or 
calculations, thus resulting in over-recovery in the total 
Ab assay.

The presence of unconjugated Ab was not expected 
to interfere with or positively bias the quantitation of 
the total ADC analyte, because the detection Ab for 
total ADC assay is specific for the payload. The results 

Table 1. Clinical assay accuracy and precision.

Analyte
 

Sample
 

Nominal 
conc. (ng/ml)
 

Precision Accuracy Total error

Intra-assay 
%CV

Interassay 
%CV

Mean %Bias (Mean %Bias) + 
Interbatch %CV

Active ADC LLOQ 200 3.8 3.8 3.4 7.2

 LQC 600 5.9 6.2 2.6 8.7

 MQC 2000 4.5 4.5 2.1 6.6

 HQC 10,000 6.4 6.8 5.3 12.0

 ULOQ 12,800 4.5 5.2 2.0 7.2

 Dil QC 128,000 2.8 7.9 8.9 16.8

Total Ab LLOQ 200 6.4 9.4 -2.6 12.0

 LQC 600 4.8 6.6 2.6 9.2

 MQC 2000 5.1 5.1 2.9 8.0

 HQC 10,000 3.2 4.7 3.1 7.9

 ULOQ 12,800 1.9 3.9 0.5 4.4

 Dil QC 128,000 2.1 6.8 5.8 12.5

Total ADC LLOQ 200 3.1 4.3 3.2 7.5

 LQC 600 3.4 4.9 3.6 8.5

 MQC 2000 4.9 5.7 1.7 7.4

 HQC 10,000 4.2 7.6 13.8 21.4

 ULOQ 12,800 5.1 10.7 10.0 20.7

 Dil QC 128,000 3.5 9.8 10.5 20.3

n = 18, 6 runs, three replicates each run.

%CV = (standard deviation/mean) ×100;

%Bias = (mean calculated concentration-nominal concentration)/nominal concentration × 100 or;

%Bias = (mean calculated concentration/ nominal concentration)-1] × 100 (calculation used in above data table).
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Figure 2. Clinical assay selectivity. Open circles indicate ovarian cancer; open diamonds indicates mesothelioma; open squares indicate 
non-small-cell lung cancer; closed circles indicate pancreatic cancer; closed diamonds indicate gastric cancer; closed squares indicate 
healthy human serum. In each panel, the color-matched percentages listed above each population denote the percent of individuals 
with acceptable %Bias. Overall results for all individuals are listed at the bottom of each graph.
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presented in Table 4 show that all blank samples spiked 
with increasing levels of unconjugated Ab quantitated 
below the LLOQ, and that all LQC and HQC samples 
spiked with increasing levels of this impurity/metab-
olite quantitated within ±20% of the nominal ADC 
concentration, demonstrating specificity for Ab con-
jugated to payload and insignificant interference from 
unconjugated Ab impurity/metabolite at up to 75% 
of the heterogeneous mixture. Although quantitative 
acceptance criteria were not applied to inactive ADC 
interference evaluations due to the discovery grade 
nature of this reagent, as described above, the result of 
increasing inactive ADC concentrations was expected 
to be additive in the total ADC assay. Results presented 
in Table 4 indicate that increasing concentrations of 
the inactive ADC in samples prepared at blank, low, 
and high QC levels resulted in cumulative increases in 
measured concentrations of total ADC. The DAR nor-
malized data are shown and indicate acceptable % bias; 
however, these data are only included for informational 
purposes as quantitative criteria were not applied in the 

validation. DAR normalization is discussed in greater 
detail in the DAR sensitivity section below.

In summary, the total Ab assay, Table 3, is DAR 
independent and thus does not require normalization 
based upon DAR. The active ADC and total ADC 
assays are DAR dependent or DAR sensitive, and thus 
do require normalization based upon DAR (Table 4). 
The active ADC and total ADC assays are insensi-
tive to unconjugated Ab and thus the presumed addi-
tional unconjugated Ab in the inactive ADC reagent 
has no impact on the these assays. The total Ab assay, 
however, is sensitive to unconjugated Ab thus the 
over-recovery due to presumed levels of unconjugated 
Ab impurity.

Analyte stability
A set of low, high and Dil QCs (n = 3 vials each) 
were tested in each assay, active ADC, total Ab and 
total ADC, under a variety of conditions to establish 
analyte stability in the applicable matrix including: 
frozen serum stability (ongoing at -70°C and -20°C), 
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thawed serum stability (6 h at RT and 24 h on wet 
ice), processed sample stability (post MRD; 16 h at 
RT and 48 h at 2–8°C), and freeze–thaw stability 
(eight cycles). All sample data met the criteria, within 
± 20% bias, for demonstrating stability under these 
conditions. The %Bias data is summarized in Table 5. 
Stability in the active ADC assay shows that the pay-
load is not hydrolyzed nor is the linker cleaved under 

these conditions. Similarly, stability in the total ADC 
assay supports that the linker is not cleaved under 
these conditions. Stability in the total Ab assay indi-
cates that the target binding region is still intact. 
These stability data have been cumulatively graphed 
in Supplementary Figure 1 to show the comparabil-
ity of stability in each of the assays for each of the 
analytes.

Table 2. Active ADC assay specificity: impact of impurities and metabolites.

Spiked conc. (ng/ml) Expected result 
(ng/ml)
 

Observed result 
(ng/ml)
 

%Bias from 
expected
 

ADC (DAR 3.0) Unconjugated 
Ab

Inactive ADC

0 400 0 0 <LLOQ N/A

0 1800 0 0 <LLOQ N/A

0 0 400 0 <LLOQ N/A

0 0 1800 0 <LLOQ N/A

600 400 0 600 573 -4.5

600 1800 0 600 597 -0.5

600 0 400 600 647 7.9

600 0 1800 600 581 -3.1

10,000 400 0 10,000 9044 -9.6

10,000 1800 0 10,000 8686 -13.1

10,000 0 400 10,000 9349 -6.5

10,000 0 1800 10,000 8339 -16.6

The active ADC assay measures Ab conjugated to active payload only with insignificant interference from up to 75% unconjugated Ab and 

inactive ADC metabolites and/or impurity.

Table 3. Total antibody assay specificity: impact of impurities and metabolites.

Spiked conc. (ng/ml) Expected result 
(ng/ml)
 

Observed result 
(ng/ml)
 

%Bias from 
expected
 

ADC (DAR 3.0) Unconjugated 
Ab

Inactive ADC

0 400 0 400 475 18.9

0 1800 0 1800 2051 13.9

0 0 400 400 574 Detectable

0 0 1800 1800 2258 Detectable 

600 400 0 1000 1025 2.5

600 1800 0 2400 2557 6.6

600 0 400 1000 1250 Detectable

600 0 1800 2400 2907 Detectable

10,000 400 0 10,400 11,788 13.3

10,000 1800 0 11,800 12,970 9.9

10,000 0 400 10,400 11,762 Detectable

10,000 0 1800 11,800 13,534 Detectable

The total antibody assay measures all Ab related species, Ab conjugated to active payload (active ADC), Ab conjugated to inactive payload 

(inactive ADC) and Ab w/ no payload (unconjugated Ab).

Over-recovery of the inactive ADC is attributed to levels of unconjugated Ab impurity that were not accounted for in the specifications. 

Quantitative criteria were not applied to this analyte during validation.
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Dilutional integrity & Hook effect
The Dil QC containing 128,000 ng/ml was assessed 
undiluted and at 4-, 16-, 64- and 256-fold dilutions. 
All results within the assay range, that is diluted at least 
16-fold in 100% human serum prior to the MRD, were 
within ± 20% bias in all three assays. Dilutions where 
the concentration after dilution were above the highest 
calibration curve point, were >ULOQ, thus there was no 
‘hook effect’ observed at concentrations up to 128,000 
ng/ml (data not shown).

Carryover
The potential carryover of transfer needles was evaluated 
by transferring LLOQ QC samples from the sample 
plate to the CD by all eight sample needles before and 
immediately after each needle transferred one replicate 
of Dil QC (128,000 ng/ml) from the sample plate to the 
CD. As shown in online available Supplementary Table 2, 
there was no evidence of carryover in any of the three 
assays (active ADC data shown).

DAR sensitivity
DAR sensitivity was tested in the active ADC assay by 
spiking nominal low or high concentrations of various 
DAR species into the assay including mean DAR 0.8, 
1.7, 2.0 and 3.9, normalizing the results for DAR and 
assessing the %Bias. As shown in Table 6, the active 
ADC assay is shown to be quantitatively proportional 
for each DAR species. For example, DAR 0.8 is 27% 

of DAR 3.0, the calibrator DAR, thus the normalized 
expected result for a DAR 0.8 species would be 27% of 
the nominal concentration. At a nominal concentration 
of 1570 ng/ml DAR 3.0, DAR 0.8 would be expected to 
yield 27% of that or 419 ng/ml. The observed result for 
these conditions was 432 ng/ml resulting in a 3% bias. 
DAR species, 0.8 through 3.9, were tested at nominal 
concentrations of 1570 ng/ml and 6820 ng/ml, trans-
lating to 419 through 8866 ng/ml once DAR normal-
ized. All except one of the conditions tested had %bias 
within ±20%. Due to the discovery grade quality of 
these DAR species, these evaluations were done in 
method development and were not performed dur-
ing method validation. The characterization of DAR 
species, including the distribution around the mean 
DAR value is likely to impact the quality of associated 
results, so caution should be taken when carrying out 
these experiments and analyzing associated data.

In addition to the in vitro testing of individual DAR 
species discussed above, in vivo testing also shows 
the active ADC assay to be quantitatively DAR pro-
portional as demonstrated by the parallelism to the 
Ab-conjugated payload immunocapture LC–MS/MS 
(Supplementary Table 3). More detail on this can be 
found in Myler et al.

Conclusion
The inherent complexity of randomly conjugated 
ADC, exacerbated by in vivo processing, necessitates 

Table 4. Total ADC assay specificity: impact of impurities and metabolites.

Spiked conc. (ng/ml) Expected result 
(ng/ml)
 

Observed result 
(ng/ml)
 

%Bias from 
expected
 

ADC (DAR 3.0) Unconjugated 
Ab

Inactive ADC 
(DAR 2.2)

0 400 0 <LLOQ <LLOQ N/A

0 1800 0 <LLOQ <LLOQ N/A

0 0 400 293 287 -2.0

0 0 1800 1320 1066 -19.2

600 400 0 600 576 -4.0

600 1800 0 600 645 7.5

600 0 400 893 911 2.0

600 0 1800 1920 1630 -15.1

10,000 400 0 10,000 11,255 12.6

10,000 1800 0 10,000 11,216 12.2

10,000 0 400 10,293 11,445 11.2

10,000 0 1800 11,320 12,116 7.0

The total ADC assay measures Ab conjugated to active and inactive payload with insignificant interference from up to 75% unconjugated Ab 

metabolites and/or impurity.

Quantitative criteria were not applied to the inactive ADC analyte during validation due to the discovery grade nature of this reagent. The 

expected results are normalized for DAR 2.2 calibrated to the DAR 3.0 calibration curve. The impact of DAR on ADC quantitation is discussed 

in greater detail below.
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the implementation of a series of bioanalytical meth-
ods to adequately describe the pharmacological and 
PK properties. Each assay described herein provides 
information about a particular ADC species present 
in circulation at any given time. It is important to 
understand the quantitative relationships among the 
different ADC species which, in combination with the 
bioanalytical data, can be accomplished through PK 
modeling and simulation approaches [19,20].

The automated microfluidic Gyrolab platform 
allowed for the development and validation of a single 
method that could be run by a single analyst to quanti-
tate all three ADC analytes, active ADC, total Ab and 
total ADC, in series in under 4 h using a single 20 µl 
sample (Figure 1). This semiautomated, single method, 
multianalyte approach offered efficiency gains over 
other more laborious methods by reducing the docu-
mentation and perhaps more significantly reducing the 
sample processing burden while substantially increasing 
analyst throughput. The assays were determined to meet 
all validation criteria as described in the health authority 
guidance’s on bioanalytical method validation [14–17].

Future perspective
As the number of ADC in the clinic is increasing, 
bioanalytical strategies to identify and quantitate 
ADC analytes for PK analysis continues to evolve. 
At different stages of ADC drug development, the 
need for essential bioanalytical methods varies. We 
are still identifying what is needed when but in gen-
eral, the focus of bioanalytical assays in the early drug 
discovery stage is to provide exposure information, 
metabolism information, toxicokinetic (TK) char-
acterization, and to predict toxicity and efficacy in 

humans. Understanding these parameters can assist 
in the selection of a lead ADC molecule whereas in 
the later nonclinical and clinical drug development 
stages, bioanalytical focus shifts to providing regu-
latory compliant PK/TK data for a comprehensive 
understanding of the pharmacology and toxicology 
of the therapeutic.

Due to the highly heterogeneous nature of ran-
domly conjugated ADCs, a combination of LBA and 
LC–MS/MS-based bioanalytical assays are used to 
support ADC programs. If random conjugation tran-
sitions to site-specific conjugation for ADC, some of 
the bioanalytical considerations related to DAR that 
we have addressed herein, such as DAR dynamics, 
may become unnecessary. LBA assays due to their 
simplicity, throughput, accuracy and reproducibil-
ity will continue to play a major role in ADC bio-

Table 5. Active ADC, total Ab and total ADC stability.

 %Bias

 Active ADC Total Ab Total ADC

 LQC HQC Dil QC LQC HQC Dil QC LQC HQC Dil QC

Freeze–thaw, eight 
cycles

1.0 9.1 19.9 14.5 3.0 12.2 5.0 3.1 12.8

Thawed serum, wet ice, 
24 h

1.4 10.5 13.6 6.5 17.9 17.9 2.1 7.1 3.5

Thawed serum, RT, 6 h -1.3 7.6 12.6 12.1 0.8 11.4 2.4 2.8 4.3

Processed sample, ≥16 
h, RT

4.8 2.0 6.8 12.2 8.1 12.1 5.1 7.2 10.1

Processed sample, ≥48 
h, 2–8°C

-1.6 -0.9 8.7 5.5 12.0 8.5 3.5 0.1 8.8

Frozen serum, 39 days, 
-25°C ± 5 C

6.2 -7.0 7.4 0.8 7.2 12.3 3.6 8.6 12.7

Frozen serum, 40 days, 
-80°C ± 10°C

3.8 -5.0 7.6 -1.8 5.7 11.7 2.0 1.8 8.7

Table 6. DAR sensitivity

DAR 0.8 1.7 2.0 3.9

% of DAR 3.0 27% 57% 67% 130%

Nominal conc. (ng/ml) 1570

DAR normalized conc. (ng/ml) 419 890 1047 2041

Result (ng/ml) 432 928 1165 2385

%Bias of normalized result 3 4 11 17

Nominal conc. (ng/ml) 6820

DAR normalized conc. (ng/ml) 1819 3865 4547 8866

Result (ng/ml) 1680 4210 5095 11200

%Bias of normalized result -8 9 12 26

DAR normalized concentration indicates that the concentration was normalized to the DAR 

3.0 calibrator. For example, DAR 0.8 is 27% of DAR 3.0 (calibrator DAR) and 419 ng/ml (DAR 

0.8) is 27% of 1570 ng/ml (DAR 3.0).
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analysis. Compared to the conventional colorimetric 
(ELISA) platforms, second and third generation plat-
forms including chemiluminescence, ECL and fluo-
rescent microfluidics offer better sensitivity, a broader 
dynamic range, and decreased sample volume; some 
come with automation and/or multiplexing options. 
As new classes of payload are being evaluated, we will 
continue to generate highly specific reagents, such as 
that described herein, to support the PK and immu-
nogenicity assessment of these new classes. These 
reagents are used across the pipeline where a specific 
payload is employed. This reuse potential makes these 
reagents quite cost effective.

Tracing the biotransformation of payload associated 
with ADC in circulation continues to be of utmost 
importance. Immuno capture based LC–MS conju-
gated payload assays are going to continue to be criti-
cal to evaluate the in vitro and in vivo serum stability 
of ADC and to help identify pertinent metabolites. As 
more fully discussed in Myler et al., an integrated set of 
assays can be used to quantify the most prevalent and 
relevant analytes [12].
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Executive summary

•	 Unique bioanalytical strategies are needed to identify, characterize and quantify the ADC species relevant to 
safety and efficacy.

•	 Reagents that allow for the derivation of active and inactive ADC are a crucial part of our bioanalytical PK 
strategy which includes the measurement of total antibody, active ADC and total ADC by LBA, conjugated 
payload by IC-LC–MS/MS and unconjugated payload by LC–MS.

•	 All LBA were validated according to current regulatory guidelines for bioanalytical method development to 
support nonclinical IND-enabling toxicology studies and clinical studies.

•	 All validation criteria were met and additional characterization data were generated to enhance assay and PK 
understanding.

•	 Given the accuracy of the active ADC assay in proportionally measuring payload conjugated to antibody, 
active ADC/total Ab can be used to assess DAR.

•	 The number of assays used to characterize ADC PK may be reduced to only include the most value added 
endpoints following the evaluation of sufficient clinical data.

•	 Clinical ligand-binding assays were automated using a miniaturized platform to optimize robustness and 
throughput.

•	 Minimal sample processing, reproducible results.
•	 One analyst can generate 192 results (64/assay) each 7-h shift, equivalent to 1 result every 2 min.
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The objective of antibody–drug conjugate (ADC) bioanalysis at different stages 
of drug development may vary and so are the associated bioanalytical challenges. 
While at early drug discovery stage involving candidate selection, optimization 
and preliminary nonclinical assessments, the goal of ADC bioanalysis is to provide 
PK, toxicity and efficacy data that assists in the design and selection of potential 
drug candidates, the late nonclinical and clinical drug development stage typically 
involves regulated ADC bioanalysis that delivers TK data to define and understand 
pharmacological and toxicological properties of the lead ADC candidate. Bioanalytical 
strategies and considerations involved in developing successful ligand-binding assays 
for ADC characterization from early discovery to late nonclinical stages of drug 
development are presented here.

Antibody–drug conjugates (ADCs) are an 
emerging class of biotherapeutics that hold 
potential over conventional chemotherapies 
to provide targeted delivery of cytotoxic 
drug to tumor cells with enhanced biologi-
cal activity (improved efficacy, selectivity 
and therapeutic index), and limited systemic 
exposure. ADCs have complex multicompo-
nent structures and are inherently heteroge-
neous in nature. The heterogeneity arises due 
to the different number of small molecule 
drugs conjugated to the antibody moiety 
of ADC (also defined as drug–antibody 
ratio [DAR]), and the different sites of con-
jugation on the antibody. It is a by-product of 
conjugation chemistries employed for linking 
small molecule drugs to the antibody moiety 
of ADC.

The DAR heterogeneity in starting refer-
ence material may evolve further in systemic 
circulation due to enzymatic or chemical-
induced deconjugation of the small molecule 
drug from the ADC and due to differences 
in the clearance rate of different DAR spe-
cies [1–7]. The physicochemical characteristics 
of ADCs such as chemistry of conjugation, 
lability (cleavable vs noncleavable) of the 
linker, and the actual sites of conjugation 
govern the mechanism of deconjugation, the 
rate of small molecule drug release and the 
overall in vivo stability of ADC [1,7].

Owing to their multicomponent struc-
ture, inherently heterogeneous and dynamic 
nature, multiple analytes are utilized to 
determine PK and fate of ADCs in vivo [8]. 
The commonly used ADC-related analytes 

Antibody–drug conjugates nonclinical 
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bioanalysis using ligand-binding assays

 
Seema Kumar
Author for correspondence: 

Department of Pharmacokinetics, 

Dynamics & Metabolism, Pfizer Global 

R&D, One Burtt Road, Andover,  

MA 01810, USA

Tel.: +1 978 247 1856  

seema.kumar@pfizer.com

 

Lindsay E King
Department of Pharmacokinetics, 

Dynamics & Metabolism, Pfizer Global 

R&D, Eastern Point Road, Groton,  

CT 06340, USA

Tracey H Clark  
Department of Pharmacokinetics, 

Dynamics & Metabolism, Pfizer Global 

R&D, Eastern Point Road, Groton,  

CT 06340, USA

Boris Gorovits
Department of Pharmacokinetics, 

Dynamics & Metabolism, Pfizer Global 

R&D, One Burtt Road, Andover,  

MA 01810, USA 

 

For reprint orders, please contact reprints@future-science.com



1606 Bioanalysis (2015) 7(13) future science group

Bioanalytical Challenge    Kumar, King, Clark & Gorovits

include the conjugated antibody (DAR greater than or 
equal to one), the total antibody (DAR greater than 
or equal to zero), the antibody-conjugated small mol-
ecule drug, the released small molecule drug (result-
ing from in vivo deconjugation), the DAR distribution 
over time and the antidrug antibodies (ADAs) against 
any component of multicomponent ADC molecule. 
However, the precise collection of analytes needed 
depends on the detailed physicochemical characteris-
tics of the ADC molecule and the endpoints required 
for understanding of the ADME properties and PK 
characteristics of the ADC molecule.

Depending on the PK information sought, bioana-
lytical methods such as ligand-binding assays (LBA), 
LC separation coupled with MS detection (LC–MS), 
and combination of both methods are employed for 
analyzing the diversity of ADC analytes. LBA-based 
methods are often employed for monitoring the total 
antibody, conjugated antibody and antidrug anti-
body analytes [8]. LC–MS-based methods are mainly 
utilized for the detection and quantitation of the 
antibody-conjugated small molecule drug, released 
unconjugated small molecule drug and its metabolites, 
and DAR distribution over time [9–11]. However, the 

exact set of methods applied for understanding PK and 
immunogenicity of ADCs may evolve as more infor-
mation is gained on ADC pharmacology from clini-
cal trials and postmarketing data. This review focuses 
on challenges associated with ADC bioanalysis using 
LBA-based methods and the bioanalytical approaches 
and strategies that might be adopted for PK character-
ization of diverse ADC analytes from early discovery 
to late nonclinical stages of drug development. The 
LBA-based ADA bioanalysis is outside the scope of this 
review article.

ADC bioanalysis at different stages of drug 
development
The early to late stages of drug development may have 
different PK questions (such as ADC stability, expo-
sure and safety) that need to be answered and thus 
may require different endpoints to address these ques-
tions [9,12,13]. During early drug discovery stage that 
involves candidate selection, optimization and early 
nonclinical assessments, the goal of ADC bioanalysis is 
to provide insights into the overall stability, safety and 
efficacy characteristics of the drug candidates. Such 
information allows comparison of ADC candidates 
with various linker–small molecule drug combinations 
and facilitates selection and ranking of optimal can-
didates that can progress to lead candidates with the 
best safety and efficacy profile. The commonly mea-
sured analytes at early discovery stage are tabulated in 
Table 1 and may include the total antibody, conjugated 
antibody and/or antibody-conjugated small molecule 
drug, released unconjugated small molecule drug 
and its metabolites, and in vitro and in vivo changes 
in DAR distribution over time [9]. In addition, ADA 
might also be evaluated during early drug discovery 
stage, particularly if abnormal PK profile due to ADA-
mediated clearance is suspected in initial nonclinical 
assessments [14].

During late nonclinical stage of drug development, 
the objective of ADC bioanalysis is to gain better 

Table 1. Analytes for antibody–drug conjugate bioanalysis from early drug discovery to late 
nonclinical stages of antibody–drug conjugate development.

ADC analytes Drug discovery Nonclinical†

Total antibody ✓ ✓

Conjugated antibody and/or antibody-conjugated small molecule drug ✓ ✓

Released/free small molecule drug and its metabolites ✓ ✓

In vitro and in vivo DAR distribution ✓  

ADA ✓‡ ✓
†Nonclinical herein refers to the post-lead candidate selection stage involving regulated TK and toxicity studies such as investigational new 
drug enabling studies.
‡ADA evaluations in early discovery are done if ADA related changes in PK profile are observed.
ADA: Antidrug antibodies; ADC: Antibody–drug conjugate; DAR: Drug–antibody ratio.

Key terms

Drug–antibody ratio: Amount of drug conjugated per 
antibody molecule.

Total antibody assay: Measures total antibody–drug 
conjugate (ADC) concentration (sum of conjugated 
and unconjugated forms) irrespective of whether small 
molecule drug is attached to the antibody moiety or not.

Conjugated antibody assay: Measures total  
ADC concentration with at least one small molecule drug 
attached to the antibody moiety. 

DAR-sensitive assay: Measures ADC concentration based 
on the valences of small molecule drugs on the ADC.

DAR-insensitive assay: Measures ADC concentration 
irrespective of the valences of small molecule drugs on 
the ADC.
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understanding of the nature of pharmacological and 
toxicological properties of the lead drug candidate. 
The observed toxicity and TK data provides insights 
about the exposure–response relationship, aids in 
predicting human PK, and facilitates translation of 
nonclinical data to clinical outcomes. The additional 
analyte measured at this stage typically includes ADAs 
along with the other multiple analytes measured in 
early drug discovery stage (Table 1) [9,12,13].

ADC bioanalysis using ligand-binding assays 
& associated challenges
Ligand-binding assays offer unique advantages for 
quantitation of large molecule component of ADCs 
including high assay sensitivity and throughput, the 
broad range of quantitation, the requirement of mini-
mal sample volume and their ability to measure the 
analyte of interest in the biological matrix without 
additional sample extraction steps. But the complex 
multicomponent structure, inherently heterogeneous 
and dynamically evolving in vivo behavior of ADCs 
presents unique challenges in ADC bioanalysis 
using LBAs:

•	 While single LBA is typically utilized for quan-
titation of large molecule therapeutics, multiple 
LBAs such as the total antibody assay and the 
conjugated antibody assay are needed for the 
quantitation of diverse ADC-related analytes;

•	 Due to their heterogeneous nature and dynami-
cally evolving in vivo behavior, the starting ADC 
reference material may not accurately represent 
the ADC composition present in the incurred 
samples, particularly at later time points [8,9]. 
Thus the selection of correct reference standard 
for quantitative LBAs for ADC bioanalysis pres-
ents a major challenge. Current bioanalytical 
validation guidance does not address this ADC 
specific challenge;

•	 Depending on the question to be answered, DAR-
sensitive or DAR-insensitive LBAs may be 
needed for ADC bioanalysis (discussed in detail in 
the later section). A DAR-sensitive assay attempts 
to measure ADC analyte concentration based on 
the number of small molecule drugs attached to 
the ADC, but may not be able to measure small 
molecule drug for all DAR species stoichiomet-
rically. Ideally a DAR-sensitive LBA would be 
equivalent to the conjugated small molecule assay. 
The reverse is true for DAR-insensitive assays that 
attempt to measure various DAR components of 
the ADC equally, and hence are not biased toward 
the varying DAR values of the ADC.

Since DAR sensitivity of an assay could be 
governed by the critical (capture and detection) 
reagents and assay formats used [1,9,15,16], the design 
and development of DAR-sensitive and DAR-
insensitive assays may require screening multiple 
assay formats, assay conditions and critical reagents. 
In addition, for a given drug candidate, due to dif-
ferences in critical reagents and assay formats used, 
the DAR-sensitive and DAR-insensitive assays may 
deliver significantly different observed PK profiles 
and associated critical PK parameters such as clear-
ance and drug exposure [15,17], which in turn may 
present significant challenges when early discovery 
PK data for the same drug candidate is compared 
with its late stage regulatory TK data. The vari-
able sensitivity of the assays to the DAR values may 
also complicate direct comparison of the exposure 
results between various ADC candidates;

•	 Interference from unconjugated antibody (Ab) may 
reduce the specificity of bioanalytical assay designed 
for exclusive quantitation of intact ADC (fully con-
jugated and partially conjugated). The specificity 
of an assay format exploiting target tumor anti-
gens or antibodies against antibody components 
of ADCs as capture reagents to detect intact ADC 
can be affected by competition from the Ab result-
ing from complete deconjugation in vivo. Theoreti-
cally, this competitive binding of Ab may impact 
the observed concentration of intact ADC, par-
ticularly at later time points when owing to in vivo 
deconjugation, the concentration of Ab in the sys-
tem may rise relative to the ADC concentration. 
The consideration for Ab interference in the intact 
ADC quantitation could be taken in the context of 
target interference in the LBA assay. Similar to the 
target interference, the interference information 
may not be known upfront but evaluating it early 
would eliminate the risk of developing assays that 
may exhibit interference.

Table 2 shows an example for the impact of 
Ab interference on the performance of an assay 
designed for exclusive quantitation of intact ADC. 
In the assay format, the intact ADC was captured 
using target protein and was detected using anti-
bodies against small molecule drug. The accuracy 
of the assay was determined by spiking known 
concentrations of antibody component of ADC 
(i.e., Ab) into QC samples prepared with ADC dos-
ing material. The QC samples quantitated against 
the ADC reference standard exhibited significantly 
reduced recovery at higher concentrations of Ab. 
Even a five-fold increase in concentration of cap-
ture reagent showed no substantial improvement 
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in the recovery of ADC QC samples when spiked 
with Ab (data not shown).

Accuracy is defined as the closeness of agree-
ment between the observed concentration (E) and 
the nominal concentration (T) and is expressed as 
percent relative error (%RE).

%RE T
E T

100#=
-` j

The assay performance was evaluated in rodent 
serum for an ADC containing lysine-based con-
ventional conjugation chemistry. The assay for-
mat on a Mesoscale Discovery (MSD) platform 
involved capture of intact ADC via its antibody 
framework using target protein as the capture 
reagent and detection using antibodies against the 
small molecule drug. High (1000 ng/ml) and low 
(25 ng/ml) QC ADC samples spiked with varying 
concentrations of Ab (0–25 μg/ml) were quan-
titated against the ADC reference standard. The 
range of quantitation (ROQ) for standard curve 
was 10–1300 ng/ml in 100% matrix;

•	 Due to highly potent cytotoxic activity of small 
molecule component of ADCs, the potential tox-
icity concerns are usually higher for ADCs. As a 
result, compared with large molecule therapeutics, 
relatively lower dose ranges may be selected for 
nonclinical and clinical studies for ADCs. LBAs 
for ADC bioanalysis thus may require high assay 
sensitivities (in the low ng/ml range) than typically 
expected for large molecule therapeutics [18–21];

•	 The selection of an appropriate biological matrix 
also presents unique challenge during ADC bio-
analysis. The preferred matrix for bioanalysis of 
small molecule therapeutics using LC–MS plat-
form and large molecule therapeutics using LBA 
platform are typically plasma and serum, respec-
tively. However, since ADCs contain both small 
and large molecule therapeutics, the selection of 
optimal matrix for ADC bioanalysis becomes 
debatable.

Depending on the linker lability and ADC sta-
bility, the processing of serum may cause deconju-
gation and release of cytotoxic small molecule drug 
that may interfere in quantitation of small molecule 
analyte of some ADCs. The plasma matrix is thus 
preferred for LC–MS-based quantitation of the 
antibody-conjugated small molecule drug and/or 
the released unconjugated small molecule drug and 
its metabolites [9]. But the plasma processing is also 
associated with its own set of challenges such as the 
selection of appropriate anticoagulant from the list 
of available anticoagulants such as EDTA, heparin 
or sodium citrate; the appropriate volume of blood 
collected in collection tubes to ensure optimum 
blood/anticoagulant ratio; and the freeze–thaw 
stability of plasma [22,23];

•	 Though not commonly observed, LBA perfor-
mance may be impacted by the binding of known 
matrix components to either large molecule or 
small molecule component of multicomponent 
ADC [24]. Such interferences may reduce desired 
sensitivity of the assay.

Table 3 shows an example for the impact of 
known matrix component interference on the assay 
performance in serum samples from rodents and 
nonhuman primates (NHP). Though similar assay 
format and similar experimental conditions were 
employed for quantitation of intact ADC in both 
species, the assay performance reflected by signifi-
cantly reduced recovery of QC samples at the lower 
end of the ROQ was impacted in NHP serum 
samples. Further analysis revealed that the spe-
cific binding of a known matrix protein to one of 
the component of multicomponent ADC in NHP 
serum caused the observed decrease in recovery of 
QC samples (data not shown).

The assay performance was evaluated in two indi-
vidual species, rodents and NHP, for an ADC with 
lysine-based conventional conjugation chemistry. 
The assay format on an MSD platform involved 
capture of intact ADC via its antibody framework 
using target protein as the capture reagent and 

Table 2. Unconjugated antibody interference in intact antibody–drug conjugate assay.

Spiked unconjugated antibody conc. (μg/ml) Accuracy for LQC (%RE) Accuracy for HQC (%RE)

0 -19 -22

2.5 2.0 -18

5.0 -11 -27

25 -65 -79

HQC: High QC; LQC: Low QC.
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detection using antibodies against the small mol-
ecule drug. The accuracy of the assay was deter-
mined by quantitating ADC QC samples (ULOQ: 
1300 ng/ml, High QC: 1000 ng/ml, Mid QC: 
500 ng/ml, Low QC: 25 ng/ml, LLOQ: 10 ng/ml) 
spanning the range of quantitation against the 
ADC reference standard in both species. The ROQ 
for standard curve was 10–1300 ng/ml in 100% 
matrix.

Strategies & considerations to mitigate 
challenges associated with LBA-based ADC 
bioanalysis
How PK parameters are used may be different at dif-
ferent stages of drug development, and so are the asso-
ciated bioanalytical challenges. The strategies and bio-
analytical approaches employed for assay development 
may thus need to be adapted at each stage. This may 
require exploring multiple bioanalytical platforms, 
assay formats, critical reagents and biological matrix 
(plasma vs serum) to ensure that the most appropriate 
bioanalytical tools are used. In addition, the informa-
tion about the biology (such as mechanism of action, 
targeted tumor antigen) and physicochemical charac-
teristics (such as conjugation chemistry, type of linker, 
average DAR, small molecule drug properties) of ADC 
can aid in the design and development of robust and 
reliable LBAs for analyzing diverse ADC analytes.

In general, during the early drug discovery stage, 
where research teams are working with large number 
of similar compounds for a given target, the avail-
ability of critical reagents, time and resources may 
be limited. As a result, flexible ‘fit-for-purpose’ assay 
development approaches and generic reagents against 
human IgG, or Fc region or (Fab’)

2
 region are often 

employed [14,25]. In contrast, the late nonclinical drug 
development stage involving investigational new drug 
(IND) enabling studies typically require validated 
assays that follow regulatory guidance on criteria used 
to define the ROQ, precision, accuracy, specificity, 
selectivity, robustness and ruggedness [26]. In order 
to meet these expectations, specific reagents such as 

target antigen proteins, monoclonal anti-idiotype (Id) 
antibodies, anti-complementary determining regions 
(anti-CDR) antibodies, etc. are frequently used in the 
validated assays. The usage of specific reagents may 
also raise questions whether the assay measures ‘free’ 
versus ‘total’ analyte concentration [27]. In the con-
text of ADC bioanalysis, the ‘free’ analyte concentra-
tion reflects concentration of ADC analytes that have 
at least one unoccupied target binding site (i.e., both 
antigen-free and -partially free analytes). Whereas 
the ‘total’ analyte concentration provides all forms of 
target antigen bound and unbound concentration of 
ADC analytes.

The differences in critical reagents and assay for-
mats adopted for large molecule bioanalysis at differ-
ent stages of drug development may have an impact on 
the observed analyte concentration and the associated 
PK profile and calculation of critical PK parameters. 
Though there are no issued regulatory guidelines or 
industry-wide best practices for assays validations spe-
cific for ADCs, currently the assay validation guidelines 
for large and small molecules are applied for ADC bio-
analysis. Thus, the challenges associated with large mol-
ecule bioanalysis at various stages of drug development 
are applicable for ADC bioanalysis as well.

In addition, during early non-regulated discovery 
stage, when PK data is needed for design and selection 
of optimal ADC candidates that can advance to lead 
candidates, DAR-sensitive LBAs may be useful to bet-
ter describe the changes in conjugated small molecule 
over time and associated PK parameters. At this stage 
in drug development, toxicology and efficacy studies 
conducted with multiple antibody, small molecule, 
linker and conjugation chemistry (and conjugation 
site) combinations often aid in selection and rank-
ing of multiple ADC candidates. The need to obtain 
some measure of conjugated small molecule by either 
LC–MS or through the use of a DAR-sensitive con-
jugated antibody assays is based on the mechanism of 
action based hypothesis that conjugated small mol-
ecule drug is the main driver of efficacy at the site of 
action [28,29], and that the potency is directly propor-

Table 3. Matrix component interference in ligand-binding assay-based quantitation of intact 
antibody–drug conjugates.

QC samples Accuracy in rodents (%RE) Accuracy in NHP (%RE)

ULOQ 8.6 -2.0

HQC -1.8 -1.0

MQC -15 -16

LQC -18 -63

LLOQ -14 -59

HQC: High QC; LQC: Low QC; MQC: Mid QC; NHP: Nonhuman primates.
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tional to DAR [1]. To better understand the change in 
DAR species over time, LC–MS measurement of aver-
age DAR is also often measured and the DAR distri-
bution data are combined with the total antibody and 
conjugated antibody data to select optimal candidates.

During the late drug development stage, when 
the IND enabling studies are conducted for the lead 
ADC candidate, validated DAR-insensitive LBAs may 
be needed for collection of PK data so that all DAR 
species are measured equally to aid in defining and 
understanding potential toxicity and TK of the lead 
candidate. This is because of a need to meet regulated 
validation expectations and because of our limited cur-
rent understanding on which DAR species can provide 
best correlation for exposure–response relationship for 
safety of ADCs.

The recommendations for assay development and 
validation for total antibody and conjugated antibody 
analytes of ADCs has been discussed elsewhere [8]. The 
heterogeneous mixture of ADCs containing various 
DAR species and diverse conjugation sites may have 
different binding affinities for the critical reagents used 
in the total antibody and conjugated antibody assays. 
Thus depending on the reagents used, the low avid-
ity and the steric hindrance observed during critical 
reagent binding may lead to inaccurate estimation of 
low and high DAR species, respectively. For DAR-
insensitive assays, it is recommended that the assay 
sensitivity to DAR values be evaluated early on dur-
ing assay development by comparing the recovery of 
enriched or individually purified DAR species against 
the reference standard containing average DAR 
to ensure that the chosen assay format and critical 
reagents recover all DAR species equally [8,9].

The enriched DAR species represent the hetero-
geneous mixture of DAR species that has relatively 
higher abundance of a certain DAR species in the mix-
ture. They are used when the DAR heterogeneity in 
ADC is too complex to isolate individual DAR spe-
cies, and are prepared by either crude fractionation of 
the ADC reference standard or employing conjugation 
procedures designed to produce DARs either higher 
or lower than the reference standard DAR [9,15]. The 
availability of enriched or purified DAR species may 
depend on the chemistry of conjugation. For instance, 
isolation and purification of heterogeneous ADC mix-
ture to individual DAR species may be challenging for 
conventional lysine-based conjugation chemistry that 
yields DAR values of 0–8 and generates greater than 1 
million different ADC species due to conjugation sites 
located at approximately 20 different lysine residues 
on both the heavy and light chain [30] compared with 
novel site-specific conjugation chemistries that yield 
site-specific ADCs with DAR values of two or four [31].

An overview of bioanalytical considerations and 
challenges associated with LBA-based assessment of 
total antibody and conjugated antibody analytes are 
discussed below.

Total antibody assay
Total antibody assay as the name implies measures total 
antibody (DAR greater than or equal to 0, sum of con-
jugated and unconjugated forms) analyte of ADC. It 
monitors antibody component of ADC irrespective of 
whether cytotoxic small molecule drug is conjugated to 
the antibody or not. The total antibody concentration 
is commonly used to assess the antibody-dependent 
PK characteristics (half-life, clearance) and the overall 
in vivo stability of the ADC. The conjugation of small 
molecule drug to the antibody moiety may negatively 
influence its PK characteristics such as shorter half-life 
and faster clearance in vivo compared with the parent 
antibody. For this reason, during early drug discovery 
stage, the total antibody assay is the primary choice of 
analyte for comparing ADC candidates with various 
linker–cytotoxic small molecule drug combinations. 
In addition, during early discovery stage, in the absence 
of a conjugated antibody LBA or antibody conjugated 
small molecule drug LC–MS assay, the data from total 
antibody assay in combination with DAR measure-
ments could be used for assessing conjugated small 
molecule drug concentration.

The critical reagents typically employed in the total 
antibody assay bind to the antibody component of 
ADC regardless of its DAR value (Figure 1). Though 
these reagents do not directly bind to the small mol-
ecule drug, due to steric hindrance the small molecule 
drug can indirectly influence binding of these reagents 
to the antibody component of ADC. This interference 
might be more prominent for higher DAR species. 
As a result, the assay may not accurately estimate all 
expected DAR species in systemic circulation, thereby, 
affecting the observed overall PK characteristics of the 
ADC. It can be particularly challenging to address this 
potential issue in early discovery when multiple ADCs 
with different conjugations sites are analyzed from a 
single study with the same total antibody assay.

Industry recommends determining if the total anti-
body assay is DAR-insensitive by evaluating recovery of 
the samples prepared with the Ab as well as the samples 
prepared with the enriched or individually purified DAR 
species against the ADC reference standard with aver-
age reported DAR [8]. If a total antibody assay is DAR-
insensitive, both the Ab and the enriched or purified 
DAR species should yield percentage recovery within the 
acceptable range of the assay (e.g., ±20% of nominal).

Both specific reagents such as targeted tumor anti-
gens or anti-Id or anti-CDR monoclonal antibodies, 
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Figure 1. Ligand-binding assay for antibody–drug conjugate total antibody analyte.  
ADC: Antibody–drug conjugate; CDR: Complementarity determining region; DAR: Drug–antibody ratio; 
Id: Idiotype; mAb: Monoclonal antibody; pAb: Polyclonal antibody.

Detection reagent
(Biotin-antihuman mAb or pAb,
Biotin-anti-ld/anti-CDR mAb, 

Biotin-antigen)

Capture reagent
(antigen, anti-ld/anti-CDR

mAb, antihuman mAb or pAb)

ADC (DAR ≥ 0)
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and generic reagents against human IgG or (Fab’)
2
 

region or Fc region, or light chain (LC), or heavy plus 
light (H+L) chain regions could be used as critical 
reagents for total antibody assay. All of these reagents 
offer their own advantages and limitations. Theoreti-
cally, the assay formats utilizing specific reagents owing 
to their higher binding affinity and specificity should 
provide better specificity and selectivity, extended 
dynamic range, higher assay sensitivity and should be 
relatively easily transferred from nonclinical to clinical 
matrices. But the availability of specific reagents, par-
ticularly targeted tumor antigen may be limited. Even if 
the antigen protein is available, the application of anti-
gen protein as the critical reagent may render assay sus-
ceptible to the target interference. Similarly, though the 
use of anti-Id or anti-CDR antibodies may offer high 
assay specificity and sensitivity over generic reagents, 
their binding to antibody component of ADC may 
be impacted by the conjugation site on the ADC [16]. 
Thus, the critical reagent employed for total antibody 
analyte quantitation depends on the availability of the 
reagents as well as on the requirement of DAR-sensitive 
or DAR-insensitive PK profile and PK parameters to 
evaluate safety, efficacy and in vivo stability of the drug 
candidate. It has been reported that while for some 
ADCs, only generic reagents could yield DAR-insen-
sitive total antibody assays, for other ADCs both the 
generic or specific reagents could yield DAR-insensitive 
assays [15,17]. The physicochemical characteristics of the 
ADC such as conjugation chemistry, linker type and 
small molecule drug type and conjugation site govern 
whether the generic or specific or both types of reagents 
would yield the DAR-insensitive assay. For instance, 
if a DAR-insensitive assay is needed for an ADC that 
has conjugation sites largely located on a certain region 
of the antibody moiety, the usage of a critical reagent 
that binds to this region may not be the right choice, 
particularly for higher DAR species.

An example of the impact of change in critical 
reagent on the DAR sensitivity of a total antibody assay 
is illustrated in Table 4. For an ADC with conventional 
lysine-based conjugation chemistry, when the assay 
format involving target protein as capture reagent and 
anti-human Fc as detection reagent was employed for 
total antibody quantitation, it yielded an overestima-
tion in concentrations for samples prepared with Ab 
relative to the average DAR standard. The observed 
over-recovery of samples prepared with Ab suggested 
that the binding of either the capture or the detection 
reagent to the antibody component of ADC had been 
compromised by the small molecule drug conjugation. 
It has been reported that conventional lysine-based 
conjugation occurs primarily on regions of the heavy 
and light chains that offer areas of large solvent acces-
sibility and structural flexibility, and no conjugation 
sites were observed in CDRs of the antibody moi-
ety [30]. Based on this information, when the detection 
reagent was changed from the generic antihuman Fc 
antibody to the LC specific polyclonal antibody in the 
total antibody assay format, a DAR-insensitive assay 
was generated. This new assay format yielded accept-
able recovery for both Ab and average DAR standard 
as shown in Table 4.

Alternative assay formats involving coincubation of 
samples and critical reagents have also been reported 
to offer better assay performance against various DAR 
species [9,16,17]. However, since not all ADCs are same, 
there is no single DAR-insensitive assay format for the 
total antibody analyte that could fit all ADCs inde-
pendent of their physicochemical characteristics. The 
assay strategy for total antibody quantitation would 
thus need to be adapted on a case-by-case basis.

Total antibody assay performance was evaluated in 
rodent serum for an ADC containing lysine-based con-
ventional conjugation chemistry. The assay format on 
an ELISA platform involved capture of the total (uncon-
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jugated, fully conjugated and partially conjugated) 
antibody using target protein as a capture reagent, and 
either Fc- or LC-specific anti-human IgG as detection 
reagents. The accuracy of the assay was evaluated by 
quantitating QC samples prepared with ADC or pre-
pared with Ab against the ADC reference standard. 
HQC, MQC and LQC represent the high, mid and low 
concentration range of the standard curve, respectively 
with HQC at 750 ng/ml, mid QC at 500 ng/ml and low 
QC at 100 ng/ml concentrations in 100% matrix.

Conjugated antibody assay
Conjugated antibody assay is used for monitoring anti-
body concentration bearing at least one small molecule 
drug (i.e., DAR is greater than or equal to 1). Because 
the intact ADC is the active therapeutic analyte, the 
conjugated antibody assay is used to measure active 
ADC concentration and to determine ADC PK param-
eters. In systemic circulation, the conjugated antibody 
concentration may change owing to the elimination of 
intact ADC and due to the complete deconjugation of 
ADC to the Ab.

In order to detect intact ADC, the conjugated anti-
body assay typically employs critical reagents that bind 
both the small molecule drug component as well as the 
antibody component of ADC (Figure 2). Similar to the 
total antibody assay, conjugated antibody assays also 
exhibit sensitivity to the site of conjugation and the 
DAR values of the ADC. The binding of anti-small 
molecule drug antibodies to the small molecule drug 
component of ADC might be hindered by the solvent 
accessibility of the conjugation site. In addition, pro-
portional binding may not be possible due to the steric 
hindrance from multiple adjacently conjugated small 
molecule drugs. Thus, the conjugated antibody assay 
may provide inaccurate measurement of higher and 
lower DAR species in systemic circulation [9,16].

The assay format and critical reagents chosen for 
the conjugated antibody assay may also influence DAR 
sensitivity of the assay, which in turn may impact 
observed intact ADC concentration in vivo. Theoreti-

cally, an assay format employing anti-small molecule 
drug antibodies as the detection reagent might exhibit 
more DAR sensitivity because the observed assay sig-
nal might be proportional to the total number of small 
molecule drug conjugated to the ADC (Figure 2). In 
other words, higher DAR species may exhibit higher 
assay signal compared with the lower DAR species. 
Whereas, an assay format utilizing anti-small molecule 
drug antibodies as capture reagent might not be as 
DAR-sensitive because such antibodies might capture 
intact ADC through its small molecule drug compo-
nent irrespective of the number of small molecule drug 
conjugated to the ADC [15].

An objective criterion to determine if the assay for-
mat selected for the conjugated antibody assay has 
rendered the assay performance DAR-sensitive, is to 
evaluate recovery of the samples prepared with the 
enriched or individually purified DAR species against 
the ADC reference standard with average reported 
DAR [8]. If all samples exhibit percentage recovery 
within the acceptable range of the assay (e.g., ±20% 
of nominal), it reflects that the chosen assay format is 
the optimal choice for DAR-insensitive assay. How-
ever, if the recovery of samples prepared using various 
DAR species falls outside of the acceptable range for 
the assay, further evaluation of assay format and/or 
reagents is warranted.

The impact of assay format on the DAR sensitiv-
ity of a conjugated antibody assay for an ADC with 
conventional cysteine-based conjugation chemistry 
is illustrated in Table 5. In this case, when the assay 
format involving target protein as capture reagent and 
the anti-small molecule drug antibodies as detection 
reagent was employed for intact ADC quantitation, it 
yielded an overestimation of individually purified high 
DAR species and underestimation of low DAR spe-
cies relative to the average DAR standard. However, 
changing the assay format to using anti-small molecule 
drug antibodies as capture reagent and target protein 
as detection reagent, significantly improved percentage 
recovery of both low and high DAR species.

Table 4. Impact of change in critical reagents on the drug–antibody ratio sensitivity of the total 
antibody assay.

QC samples Accuracy for Fc specific detection (%RE) Accuracy for LC specific detection (%RE)

HQC - ADC 13 8.0

MQC - ADC 7.0 -2.0

LQC - ADC 8.0 2.0

HQC - Ab 130 -5.0

MQC - Ab 70 -10

LQC - Ab 17 0.5

Ab: Unconjugated antibody; ADC: Antibody–drug conjugate; HQC: High QC; LC: Light chain; LQC: Low QC; MQC: Mid QC. 



www.future-science.com 1613

Figure 2. Ligand-binding assay formats for the conjugated antibody analyte. (A) Capture and detection of the 
intact ADC using reagents specific for antibody framework and small molecule component of ADC, respectively. 
(B) Capture and detection of the intact ADC using anti-small molecule antibodies and antibodies against antibody 
component of ADC, respectively. 
ADC: Antibody–drug conjugate; CDR: Complementarity determining region; DAR: Drug–antibody ratio; 
Id: Idiotype; mAb: Monoclonal antibody; pAb: Polyclonal antibody.
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For some ADCs, irrespective of whether the assay 
format employs small molecule drug specific detec-
tion or the small molecule drug specific capture, the 
DAR sensitivity of the assay may not be alleviated. 
Thus, like total antibody assay, the DAR sensitivtity 
of the conjugated antibody assay may also be gov-
erned by the physicochemical characteristics of ADC. 
In addition, due to the high cytotoxic potency of the 
small molecule drug, generation of high quality anti-
body reagents with high binding affinity and avidity 
against the small molecule drug poses a challenge. 
Table 6 displays DAR sensitivity of a conjugated 
antibody assay for an ADC containing lysine-based 
conventional conjugation chemistry. In this case, irre-
spective of whether the assay format employed either 
small molecule drug specific detection or the small 
molecule drug specific capture, the conjugated anti-
body assay performance for the ADC was affected by 

DAR values based on the DAR reference standards 
used. Thus in this situation, it is important to under-
stand that irrespective of the assay format chosen, the 
critical reagents employed will deliver DAR-sensitive 
assay, so the observed results should be interpreted 
accordingly.

Other considerations that may aid in overcoming 
challenges associated with development and validation 
of LBAs for ADC bioanalysis include:

•	 Using the ADC dosing material as a reference stan-
dard in both the total antibody and conjugated 
antibody assays. Development of multiple assays, 
with each assay utilizing reference standard with a 
specified DAR to determine impact of ADC hetero-
geneity on the accuracy of assay is not practical. In 
addition, since clinical and nonclinical end points 
are measured following administration of the dos-
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ing material, the use of ADC dosing material as a 
reference standard is appropriate;

•	 Mitigating Ab interference in the conjugated anti-
body assay by changing the assay format in such 
a manner that the reagents against the small mol-
ecule drug are used as capture reagents. Theoreti-
cally, since such reagents do not directly bind to the 
antibody component of ADC, they may increase 
the assay specificity of conjugated antibody assay 
against intact ADC;

•	 Compared with the conventional ELISA platform, 
novel MSD and Gyrolab-based immunoassay plat-
forms that claim to offer higher sensitivity, broad 
dynamic range, low sample volume and/or reduced 
matrix interference [32] can be used for attaining 
higher assay sensitivity for LBAs employed for 
ADC bioanalysis;

•	 Endogenous protein interference in the assay can be 
alleviated either by the use of critical reagents that 

are not impacted by the binding of such proteins or 
by optimizing assay buffer composition by intro-
ducing appropriate reagents that can block such 
interference in the assay [24,25,33]. In cases where it 
may not be feasible to eliminate endogenous pro-
tein interferences, an increase in the minimum 
required dilution may be required.

Conclusion
The complex multicomponent structure and dynamic 
and heterogeneous nature of ADCs require bioanalysis 
of multiple analytes for PK assessment of ADCs. This 
review has highlighted unique challenges associated with 
bioanalytical characterization of ADCs and the strategies 
to mitigate them. Since the stage of ADC development 
dictates what PK questions needs to be answered, the 
bioanalytical challenges associated in addressing those 
questions may also be unique to each stage. The bioana-
lytical approaches and strategies therefore would need to 
be adapted depending on the desired endpoint.

The assay formats and assay reagents for ADC bioanal-
ysis may evolve as ADC drug candidates progress from 

Table 5. Impact of change in assay format on drug–antibody ratio sensitivity of the conjugated antibody 
assay for an antibody–drug conjugate containing conventional cysteine-based conjugation chemistry.

Purified DAR species/QC Accuracy for anti-small molecule 
antibodies-based detection (%RE)

Accuracy for anti-small molecule 
antibodies-based capture (%RE)

DAR 2 -70 -47

DAR 6 100 9.0

DAR 8 127 -24

DAR 4† 2.5 -4.0

DAR sensitivity of the conjugated antibody assay was evaluated in nonhuman primate (NHP) serum. The assay format on an ELISA platform 
involved either capture of intact ADC using target capture reagent and detection using antibodies against small molecule drug, or vice versa.
Samples prepared with individually purified DAR components (DAR 2, 6, 8) at 175 ng/ml concentration (equivalent to mid QC concentration) 
in 100% NHP matrix were quantitated against the ADC reference standard (average DAR of 4) curve. The range of quantitation for the assay 
format employing antibodies against small molecule drug as detection reagent was 18.6–500 ng/ml in 100% NHP matrix. The assay format 
employing antibodies against small molecule drug as capture reagent had a range of quantitation of 30.0–500 ng/ml in 100% NHP matrix.
†DAR 4 sample at mid-QC level was prepared using the ADC reference standard material.
ADC: Antibody–drug conjugate; DAR: Drug–antibody ratio.

Table 6. Lack of impact of change in assay format on drug–antibody ratio sensitivity of the 
conjugated antibody assay for an antibody–drug conjugate containing conventional lysine-based 
conjugation chemistry.

Enriched DAR species† Accuracy for anti-small molecule 
antibodies-based detection (%RE)

Accuracy for anti-small-molecule 
antibodies-based capture (%RE)

DAR 4 -21 -25

DAR 4.4 -10 -29

DAR 5.1 30 31

DAR sensitivity of the conjugated antibody assay was evaluated in rodent serum. The assay format on an Mesoscale Discovery platform 
involved either capture of intact antibody–drug conjugate (ADC) via its antibody framework using target protein as the capture reagent and 
detection using antibodies against small molecule drug, or vice versa. Samples prepared with enriched DAR fractions (with average reported 
DAR of 4, 4.4 and 5.1) at 1 μg/ml concentration (equivalent to high quality control concentration) in 100% matrix were quantitated against 
the ADC reference standard (average DAR of four). The range of quantitation for the standard curve was 10.0–1280 ng/ml in 100% matrix.
†The DAR heterogeneity in ADC was too complex to chromatographically isolate individual DAR species. Thus, enriched DAR species were 
prepared by crude hydrophobic interaction chromatography fractionation of the ADC reference standard.
DAR: Drug–antibody ratio.
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early to late stages of drug development. Based on the 
limited industry experience, the evolution of assays could 
result in differences in observed PK profile and calcula-
tion of key PK parameters over the course of ADC devel-
opment. However, by applying rational scientific under-
standing of what each assay format and assay reagent 
is measuring, an appropriate interpretation of observed 
data can be made. Moreover, once enough understand-
ing of the most relevant ADC analyte and DAR species is 
built, keeping the assay formats and assay reagents simi-
lar in late stages of drug development such as between 
IND-enabling and first-in-human studies might help 
simplify interpretation of the observed results.

Future perspective
The number of ADC programs across industry is grow-
ing rapidly. The increased number of ADCs in the 
clinic may help better define what ADC analytes are 
most useful in understanding fate of ADCs in vivo. 
Novel site-specific ADCs may have less heterogeneity 
as well as greater in vivo stability than conventional 
conjugates. The use of novel small-molecule drug 
classes, linker types and conjugation chemistries will 
also require increased investment in appropriate bio-
analytical strategies to support their progress through-

out the drug development. A combination of LBA and  
LC–MS-based methods will be needed to support 
future ADC programs. But the balance between plat-
form investments would be defined by the specifics 
of the ADC program and the need to measure all the 
relevant analytical species.

Novel small-molecule drug classes may be challeng-
ing for generation of appropriate reagents against them 
and may need an early increased investment to define 
absorption, distribution, metabolism and elimination 
before specific LBA-based PK assays could be developed.

The relationship between systemic exposure and 
cellular response remains complex with a multiday 
transduction process involving extravasation into 
tissues, cellular binding, internalization, intracel-
lular trafficking, small molecule release and finally 
intracellular target engagement. Thus, tissue PK and 
cellular biodistribution studies can be expected to 
play an important role in understanding this rela-
tionship and would require additional bioanalytical 
investment.
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Executive summary

•	 Antibody–drug conjugates (ADCs) hold potential to deliver improved overall safety and reduced nonspecific 
off-target toxicity of chemotherapeutics agents.

•	 ADC bioanalysis at different stages of drug development may vary and so are the associated bioanalytical 
challenges.

•	 Novel bioanalytical approaches and strategies including combination of ligand-binding assays (LBA),  
LC–MS-based platforms are needed to overcome challenges unique to each stage of drug development.

•	 LBAs offer unique advantages for quantitation of ADCs:
 – High assay sensitivity and throughput;
 – Broad range of quantitation;
 – Minimal sample volume;
 – Ability to measure in biological matrix without additional sample extraction steps.

•	 The complex multicomponent structure of ADC also presents unique challenges in ADC bioanalysis using LBAs:
 – ADCs are heterogeneous mixtures of various drug–antibody ratio (DAR) species. The DAR heterogeneity 

comes from conjugation chemistry, linker lability and actual site of conjugation;
 – ADC heterogeneity is dynamically changing in vivo due to spontaneous or environment-induced 

deconjugation and due to differences in the clearance rate of various DAR species;
 – Multiple assays are needed for monitoring diverse ADC analytes;
 – LBAs may be sensitive to the amount of conjugated small molecule drug present on the ADC molecule.

•	 ADC-related analytes include the conjugated antibody, the total antibody, antibody-conjugated small 
molecule drug, released unconjugated small molecule drug and its metabolites, changes in DAR over time and 
ADAs against any component of the multicomponent ADC.

•	 In early drug discovery, the goal of ADC bioanalysis is to allow comparison of multiple ADC candidates with 
various antibodies, linker–small molecule drug combinations to select an optimal candidate.

•	 During pre-clinical regulated studies, the exposure–safety relationship of the lead candidate is defined using 
analytically validated assays.

•	 There is no single bioanalytical assay strategy that fits all ADCs, rather strategy needs to be adapted on a  
case-by-case basis depending on the physicochemical characteristics of the ADC, and the drug development 
stage.
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