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LC-MS
Liquid Chromatography-Mass Spectrometry
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Low (unit mass) resolution MS systems

Waters XevoTM TQ-XS

AB SCIEX Triple Quad 6500+

Agilent 6495B Triple Quadrupole



High (accurate mass) resolution MS systems

Thermo Q Exactive Plus

Time-of-flight (TOF)

AB SCIEX TripleTOF 6600

Waters XevoTM G2-XS

Orbitrap



+ Small molecule
• Protein precipitation (PPT)
• Liquid-liquid extraction 

(LLE) 
• Supported liquid extraction 

(SLE)
• Solid phase extraction 

(SPE)

+ Large molecule 
• PPT
• Affinity capture (AC/IA/IP)
• Magnetic beads or other

• Processing
• Dissolution or elution
• Denaturation
• Reduction/alkylation
• Enzyme digestion

+ HPLC
• Conventional columns

+ UHPLC
• Small (1.7 um) or fused 

core particles

+ Nano-/micro-flow
• Small columns (75, 150, 

300 um ID); low flow 
+ Multi-dimension LC
• Online precolumn cleanup
• Trap and transfer to 

analytical separation 
column

• Heart cut between 
orthogonal separation 
columns

• Other (e.g., SISCAPA 
online immunoaffinity)

+ Low (unit) resolution
• Single quadrupole
• Triple quadrupole
• Modes

• Selected ion monitoring 
(SIM)

• MS/MS (SRM/MRM)

+ High (accurate mass) 
resolution 
• Time of flight (TOF)
• Hybrid Q-TOF or Q-

Orbitrap
• Modes

• Selected ion monitoring 
(SIM)

• Parallel reaction 
monitoring (PRM)

• Full scan

LC-MS ‘technology’

Sample Prep: Liquid Chrom: Mass Spec:



ADCs — what to measure?



ADCs — in vivo situation

Saad OM et al. Bioanalysis, (2015) 7(13), 1583–1604

www.future-science.com 1587

Figure 1. Potential catabolic fate of an antibody–drug conjugate. 
ADC: Antibody–drug conjugate; LM: Large molecule; SM: Small molecule. 
Adapted from [22].
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Bioanalytical approaches for characterizing catabolism of antibody–drug conjugates   Perspective

antibody fragments [30,31] and novel cytotoxic drug 
payloads [32,33], also continues to add complexity to the 
potential catabolic products likely to be formed.

Since the catabolism of an ADC involves all of its 
components, including the mAb, linker and cytotoxic 
drug, another challenge is that a combination of assess-
ments typically done for SMDs and mAbs, therefore, 
becomes necessary for evaluation of ADCs. The bio-
analytical methods as well encompass a combination 
of large and small molecule approaches.

Bioanalytical approaches to assess ADC 
catabolism
As shown in Figure 1, there are various potential cata-
bolic pathways for a new ADC construct. Some of 
these routes may generate small molecule catabolites, 
such as the drug or linker-drug. Others may result in 
changes to either the overall drug–antibody ratio 
(DAR) of the ADC mixture through deconjugation or 
to the structure of the linker-drug still associated with 
the antibody. There are thus a wide variety of poten-
tial catabolic products, and it is important to find an 
appropriate way to systematically identify them; this 
includes the bioanalytical tools, methods and work-
flows we have at our disposal to interrogate these com-

plex drug products and the in vitro or in vivo studies 
they are assessed in. As briefly described above and 
shown in Table 1, several studies are typically imple-
mented for both SMD and protein therapeutics when 
trying to understand the ADME of a new ADC, but 
we still need to further understand how we approach 
each of these experiments bioanalytically.

Figure 2A provides a schematic diagram to help cat-
egorize the different catabolites formed from an ADC 
as per our current bioanalytical capabilities. The bio-
analytical workflows can be divided simply into those 
applied for identification and quantification of theo-
retically predicted catabolites and unpredicted 
catabolites. Predicted catabolites are those that are 
postulated from known chemical or enzymatic reac-
tions and other structural considerations of the com-
ponent parts of an ADC, in addition to any prior 
data from similar ADCs. The predicted catabolites 
may have reference standards available with which 
to develop well-characterized bioanalytical assays for 
quantification of the catabolic species or confirmation 
of their absence (above limits of detection). In contrast, 
unpredicted catabolites require additional exploratory 
experiments to identify the biotransformation of the 
new ADC (Figure 2B). The methodologies used to 



novel approach for tumor-targeted therapies. By combining the tar-
geted specificity and effector functions of trastuzumab with DM1,
T-DM1 specifically delivers the cytotoxic agent into HER2-positive
tumors at much higher concentrations than achievable using free
drug. Clinical development of the DM1 parent compound, may-
tansine, was stopped because of its narrow therapeutic window as a
free agent.9,10,18-20 The stability of T-DM1’s MCC linker, evidenced by
the approximately 60-fold molar difference between levels of circulat-
ing DM1 and T-DM1, minimizes systemic exposure to DM1, contrib-
uting to the favorable toxicity profile of T-DM1.

In this single-arm study for heavily pretreated patients with
HER2-positive MBC, many of whom had previously received two
HER2-directed therapies, T-DM1 administration resulted in ob-
jective responses by IRF and investigator assessment. In a post hoc
exploratory analysis, ORR in patients who received both prior
lapatinib and trastuzumab was not significantly different from

overall ORR, suggesting that T-DM1 is active after progression on
prior HER2-directed inhibitors.

The ORR in this study compares favorably with ORRs associated
with other therapies in development for treatment of HER2-positive
breast cancer. Treatment with neratinib (HKI-272), an oral, irreversible
pan-ErbB receptor tyrosine kinase inhibitor, resulted in a 24% ORR
among patients previously treated with trastuzumab.21 However, grade 3
or 4 diarrhea was observed in 30% of patients, and 29% of patients
required dose reduction because of this AE. Pertuzumab is an HER2-
directed monoclonal antibody that blocks heterodimerization and
ligand-dependent signaling of HER1/HER2 and HER2/HER3 het-
erodimers.22 Pertuzumab in combination with trastuzumab demon-
strated clinical activity (ORR, 24.2%) in patients with HER2-positive
MBC previously treated with trastuzumab.23 Other targeted agents are
being assessed in combination with trastuzumab for treatment of HER2-
positive MBC. Treatment with the mammalian target of rapamycin in-
hibitor everolimus, combined with paclitaxel and trastuzumab, resulted
in an ORR of 20% among HER2-positive patients previously treated with
paclitaxel and trastuzumab alone.24 Treatment with the heat shock pro-
tein 90 inhibitor tanespimycin, in combination with trastuzumab, re-
sultedinaresponserateof24%inpatientswithHER2-positiveMBCwho
had experienced progression after prior trastuzumab treatment.25

The development of targeted therapies such as trastuzumab and
T-DM1 underscores the necessity to optimize assays that reliably and
accurately measure target expression. Despite the availability of US
Food and Drug Administration–approved diagnostic kits to assess
HER2 status by IHC and FISH, standardization of diagnostic procedures
and reagents is lacking, contributing to a documented 20% discordance
between HER2 status assessed locally and by high-volume central labora-
tories.26 In this study, 22% of patients were retrospectively shown to have
HER2-normal expression, consistent with published reports of false-
positiverates forHER2expression.HER2-positivestatusbasedoncentral
retrospective assessment was associated with higher ORR and longer PFS
compared with HER2-normal status. Additionally, exploratory data sug-
gest that median PFS and, to some extent, ORR, may be influenced by
levels of HER2 expression as assessed by quantitative RT-PCR. These

Table 3. Adverse Events Occurring in ! 20% of Patients

Adverse Event

Grade 1 or 2 Grade 3 Grade 4 All Grades

No. of Patients % No. of Patients % No. of Patients % No. of Patients %

Fatigue 68 60.7 5 4.5 0 0 73 65.2
Nausea 56 50.0 1 0.9 0 0 57 50.9
Headache 45 40.2 0 0 0 0 45 40.2
Pyrexia 38 33.9 1 0.9 0 0 39 34.8
Epistaxis 38 33.9 2 1.8 0 0 40 35.7
Constipation 34 30.4 0 0 0 0 34 30.4
Cough 31 27.7 0 0 0 0 31 27.7
Diarrhea 29 25.9 0 0 0 0 29 25.9
Hypokalemia 17 15.2 10 8.9 0 0 27 24.1
Vomiting 26 23.2 1 0.9 0 0 27 24.1
Pain in extremity 25 22.3 0 0 0 0 25 22.3
Arthralgia 24 21.4 1 0.9 0 0 25 22.3
Anemia 20 17.9 3 2.7 0 0 23 20.5
Dyspnea 20 17.9 3 2.7 0 0 23 20.5

NOTE. Multiple occurrences of a specific adverse event for a patient were counted once at the highest National Cancer Institute Common Terminology Criteria for
Adverse Events grade. Events are presented by Medical Dictionary for Regulatory Activities preferred terms.
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Fig 3. Pharmacokinetics of trastuzumab-DM1 (T-DM1), total trastuzumab, and plasma
DM1. Mean concentration-time profiles for serum T-DM1, serum total trastuzumab, and
plasma DM1 are shown for all pharmacokinetically evaluable patients over four cycles.
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ADC clinical PK — Kadcyla® example

← Serum total mAb
← Serum T-DM1

← Plasma DM1

Burris HA, Rugo HS, Vukelja SJ et al. J Clin Oncology, (2011) 29:398-405



ADC bioanalysis methods 

Gorovits B, Alley SC, Bilic S et al. Bioanalysis, (2013) 5(9), 997–1006

Some of the most important questions in drug development are:‘What is the 
exposure–response (E–R) relationship for efficacy?’ and ‘What are the E–R 
relationships for safety?’ 10/19/16, 10:13 AM

Page 1 of 1http://www.future-science.com/action/showPopup?citid=citart1&id=T1&doi=10.4155%2Fbio.13.38

Table 1. Analytes commonly assessed for antibody–drug conjugate bioanalysis.

Analyte type Analyte(s) details Typical analytical
method(s)

Conjugated
antibody†

Antibody with minimum of DAR >1 LBA

Total antibody‡ Conjugated, partially unconjugated and fully unconjugated
(DAR >0)

LBA

Antibody-
conjugated drug§

Total small-molecule drug conjugated to antibody Affinity LC–MS/MS,
LBA

Unconjugated
drug¶

Small-molecule drug not conjugated to antibody LC–MS/MS

Total drug# Total unconjugated and conjugated drug LC–MS/MS
Antitherapeutic
antibody

Antibodies directed against antibody component of ADC,
linker or drug (binding/neutralizing)

LBA

†Conjugated antibody analyte may be used as an assessment of the conjugate exposure.
‡The total antibody analyte provides an assessment of the protein component of the ADC.
§Antibody-conjugated drug analyte is an alternative assessment of the conjugate exposure.
¶Unconjugated drug analyte may be used as an assessment of safety characteristic.
#Total drug analyte has been reported previously [33]. The analyte is not broadly used at this time.
ADC: Antibody–drug conjugate; Affinity LC–MS/MS: Affinity capture followed by linker cleavage and LC–
MS/MS; DAR: Drug-to-antibody ratio; LBA: Ligand-binding assay.

“
”



Standard ADC LC-MS assays

Gorovits B, Alley SC, Bilic S et al. Bioanalysis, (2013) 5(9), 997–1006

10/19/16, 10:13 AM
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Table 1. Analytes commonly assessed for antibody–drug conjugate bioanalysis.

Analyte type Analyte(s) details Typical analytical
method(s)

Conjugated
antibody†

Antibody with minimum of DAR >1 LBA

Total antibody‡ Conjugated, partially unconjugated and fully unconjugated
(DAR >0)

LBA

Antibody-
conjugated drug§

Total small-molecule drug conjugated to antibody Affinity LC–MS/MS,
LBA

Unconjugated
drug¶

Small-molecule drug not conjugated to antibody LC–MS/MS

Total drug# Total unconjugated and conjugated drug LC–MS/MS
Antitherapeutic
antibody

Antibodies directed against antibody component of ADC,
linker or drug (binding/neutralizing)

LBA

†Conjugated antibody analyte may be used as an assessment of the conjugate exposure.
‡The total antibody analyte provides an assessment of the protein component of the ADC.
§Antibody-conjugated drug analyte is an alternative assessment of the conjugate exposure.
¶Unconjugated drug analyte may be used as an assessment of safety characteristic.
#Total drug analyte has been reported previously [33]. The analyte is not broadly used at this time.
ADC: Antibody–drug conjugate; Affinity LC–MS/MS: Affinity capture followed by linker cleavage and LC–
MS/MS; DAR: Drug-to-antibody ratio; LBA: Ligand-binding assay.



are suited for ligand-binding assays (LBAs), 
for example, ELISA [22–24]. Figure 4A shows a 
typical ELISA format that is commonly used 
for large-molecule ana lysis for a single analyte. 
Recently, hybrid binding/MS-based methods 
have also been shown to provide quantita-
tive data for large molecules as an alternative 
bioanalytical approach where MS replaces the 
detection reagent of a typical ELISA [25]. While 
large molecules may be quantified by ELISA 
or MS approaches, the bioana lysis of small-
molecule drugs is predominantly performed 
by LC–MS/MS following extraction from 
plasma/serum. 

A variety of ELISA and LC–MS/MS methods 
have been reported to quantify ADCs and the 
cytotoxic drugs released from ADCs into the 
circulation [26–29]. However, these methods have 
some limitations. For example, conventional 
ELISA methods for the large-molecule compo-
nent of an ADC measure the analyte concentra-
tion indirectly based on binding properties of 
the analyte and the assay reagents (Figure 4A). 
This methodology can be used to measure the 
total antibody analyte (Figure 4B; i.e., the sum 
of fully conjugated antibody, partially deconju-
gated antibody and fully deconjugated antibody 
concentrations; Figure 3D), using reagents that 

A

B

C

D

E

F

Bioanalysis © Future Science Group (2013)

Figure 3. Antibody–drug conjugate analytes. (A) Example of a heterogeneous antibody–drug conjugate (ADC) reference standard 
in vivo and the potential theoretical analytes. (B) Conjugated-antibody, where at least one drug is present. (C) Antibody-conjugated 
drug. (D) Total antibody, includes conjugated and unconjugated-antibody. (E) Naked-antibody, includes fully deconjugated ADC 
(i.e., drug-to-antibody ratio 0) in reference standard and ADC where all drug has been lost. (F) Small-molecule catabolites. The analyte 
mixtures B–F are defined by gray areas to indicate the parts of the ADC structure that would not be fully measured by the respective 
assay and colored areas to indicate information that would be fully determined.

Key Term

Ligand-binding assay: 
Method to quantify analyte 
concentration by the amount of 
binding of specific ligands. 

Bioanalytical assay strategies for antibody–drug conjugate biotherapeutics  | PersPective
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ADC analytes — lysine-conjugated example

Kaur S, Xu K, Saad OM et al. Bioanalysis, (2013) 5(2), 201–226

Total 
antibody

Antibody-
conjugated

drug

Unconjugated
drug



Unconjugated drug by LC-MS
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Payloads Used for ADC’s

Kaur et al., Bioanalysis, 5(2), 201, 2013

Pfizer

42013 NBC meeting, ADC Bioanalysis Workshop, 18-May-2013   /  LCMS Assays for payloads and intact ADC’s   / Leo Kirkovsky (Pfizer) , Leonid.Kirkovsky@Pfizer.com

Adcetris
Brentuximab vedotin

(SGN-35)
Seattle Genetics

Payload - Monomethyl
auristatin E (MMAE)

Cleavable payload

Examples of ADC’s and Linkers and Payloads

Kadcyla
Trastuzumab emtansine, ado-

trastuzumab emtansine
(T-DM1) 

Genentech
Payload – Maytansinoid (DM)

Non-cleavable payload

Inotuzumab ozogamicin
(INO, CMC-544)
and Mylotarg 

Pfizer 
Payload - N-Ac-J�Calicheamicin DMH

Cleavable payload

Maytansinoid (DM)

N-Ac-J�Calicheamicin DMH

Monomethyl auristatin E (MMAE)

Kadcyla®

Adcetris®

Mylotarg®

Slide adaptation courtesy of Leo Kirkovsky (Pfizer)



Other payloads…

Pyrrolobenzodiazapine (PBD) dimers 

Tubulysin analogues



Unconjugated drug bioanalysis

Payload classes
+ Calicheamicin
+ Auristatins (e.g., MMAE, MMAD)
+ Maytansinoids (e.g., DM1, DM4)
+ Pyrrolobenzodiazepines (PBDs)
+ Tubulysins
+ Duocarmycin
+ Spliceostatin
+ Others (e.g., endotoxin fusion protein)

Approach
+ Typically utilize conventional small molecule extraction 

techniques (LLE, PPT, SPE) and UHPLC-MS/MS analysis
+ May need to reduce, apply PPT, and derivatize to measure 

total (non-Ab-conjugated) thiol-containing drug



Unconjugated drug assay challenges

+ Safety in handling neat material to make stocks (glove 
box needed?)

+ What form(s) to measure (e.g., total DM1, DM4 and 
S-Methyl DM4, intact and deacetylated tubulysin)?

+ Sensitivity (often lowest LLOQ possible) – How low is 
low enough?

+ Dynamic range (102 typical) – TK vs. clinical?

+ Stability – actual vs. ex vivo formation in the presence 
of very high ADC levels

+ ISRs (often not feasible?), most samples very low 
(e.g., <3xLLOQ or BQL)



DM1 catabolite LC–MS/MS assay

Dere R, Yi J-H, Lei C et al. Bioanalysis, (2013) 5(9), 1025–1040

Excerpt from Figure 1. T-DM1 assays. (C) DM1 catabolite LC–MS/MS assay. 

Kadcyla™ Adcetris®

n	An ELISA designed to measure the amount of 
total trastuzumab (all DARs including 
DAR 0) (Figure 1A);

n	An ELISA to measure conjugated trastuzumab 
(all DARs except DAR 0) (Figure 1B);

n	A small-molecule LC–MS/MS assay to 
measure the amount of released DM1 
catabolite (Figure 1C). 

Other small-molecule catabolites, such as 
lysine-N-maleimidomethyl cyclohexane-1-car-
boxylate (MCC)-DM1 and MCC-DM1 were 
also measured in a limited exploratory man-
ner [16,17]. Because T-DM1 utilizes a noncleavable 

linker [18], antibody-conjugated drug could not 
be measured directly using an affinity capture/
drug release approach that relies on the ability of 
the linker to be enzymatically cleaved [15,19]. As 
an alternative to measuring antibody- conjugated 
drug, conjugated antibody was measured using 
ELISA. To increase the efficiency of sample ana-
lysis, the total- and conjugated-trastuzumab 
ELISAs were developed with the same assay 
ranges. This allowed for the same set of test sam-
ples to be analyzed in both assays. This paper 
describes the validated quantitative assays men-
tioned above, used to characterize nonclinical and 
clinical PK with selected examples of study data. 

Key Terms

Kadcyla™: Genentech’s first 
US FDA-approved  
antibody–drug conjugate; 
targets HER2-positive tumors.

Drug-to-antibody ratio: 
Molar ratio (moles of drug per 
mole of antibody); ado-
trastuzumab emtansine has an 
average drug-to-antibody ratio 
of 3.5, which represents the 
average drug load.

Biotransformations: 
Structural changes occurring to 
molecules in a biological matrix 
such as serum/plasma in vitro or 
in vivo.

**

F(ab´)2 anti-human IgG-HRP

HER2 ECD coat

Total-trastuzumab ELISA Conjugated-trastuzumab ELISA

Anti-drug Ab coat

Biotin-HER2 ECD

Streptavidin-HRP

Plasma sample containing DM1

Protein precipitation with 100% ACN

DM1-SH

Inject sample for SPE

LC–MS/MS detection of DM1–NEM

T-DM1

DM1 dimer
DM1 disulfide

bound in T-DM1

Other
DM1-S-S-X

DM1-albuminDM1

‘Releasable’ DM1 bound in T-DM1 via:
(∼0.4% of DM1)

DM1 not conjugated to T-DM1:

 
  plasma components (DM1 dimer, 
  albumin, cysteine and glutathione)

*

*
*

X

Reduction of organic disulfides by TCEP

DM1-S-S-R
TCEP

DM1-SH + R-SH

Derivitization of DM1 with NEM to form DM1–NEM complex

DM1-SH + NEM
pH > 5

DM1-S-NEM

A B

C

Bioanalysis © Future Science Group (2013)

Figure 1. T-DM1 assays. (A) Total-trastuzumab ELISA; (B) conjugated-trastuzumab ELISA; 
(C) DM1 catabolite LC–MS/MS assay. 
Ab: Antibody; ACN: Acetonitrile; DM1: Antimicrotubule agent derived from maytansine;  
ECD: Extracellular domain; HRP: Horseradish peroxidase; NEM: N-ethylmaleimide;  
TCEP: Tris(2-carboxyethyl)phosphine; T-DM1: Ado-trastuzumab emtansine.

ReseaRch aRticle |  Dere, Yi, Lei et al.

Bioanalysis (2013) 5(9)1026 future science group



BMV considerations: small molecule ADC assays

Unconjugated drug
+ Similar approach as for conventional SM assays
+ Generally apply SM A&P limits (possible to widen if fit for purpose?)
+ Evaluate selectivity/specificity with normal vs. disease matrix and 

potentially interfering substances
+ Evaluate apparent stability in both the absence of ADC and 

presence of high Cmax ADC levels 

Catabolites/metabolites
+ What to measure and when?
+ Other conjugated forms?
+ Qualified or fully validated assay needed?



DM1 stability in the presence of T-DM1

Dere R, Yi J-H, Lei C et al. Bioanalysis, (2013) 5(9), 1025–1040

Kadcyla™ Adcetris®

is low compared with the antibody-conjugated 
drug. In our experience, free DM1 measured in 
nonclinical/clinical studies represented less than 
1% of the molar concentration of the antibody-
conjugated drug. Therefore, even a minor release 
of DM1 from T-DM1 during storage or oxida-
tion of the thioether can have a large impact 
on the measurement of free drug. For example, 
deconjugation of 1% of DM1 from T-DM1 dur-
ing storage would result in an approximately 
100% increase in the measurement of free DM1. 
Figure 6 shows the percentage difference in DM1 
concentration over time for a known concen-
tration of T-DM1 added to human plasma and 
stored at either -20 or -70°C, compared with a 
freshly prepared sample (T = 0). The dashed 
line at 20% DM1 concentration difference 
represents the upper limit of acceptable sample 
stability. Samples stored at -20°C for 3 weeks 
or longer yielded differences greater than 20%. 
For samples stored at -70°C, differences greater 
than 20% were observed with the 22-week time 
point. We have therefore conservatively assigned 
clinical sample stability times of 1 and 18 weeks 
for storage at -20 and -70°C, respectively. 

	n Nonclinical & clinical PK
Our assays have performed robustly and pro-
vided consistent data across multiple nonclinical 
and clinical T-DM1 studies [21,23–25]. Figure 7 
shows representative PK curves for a 30 mg/kg 
multiple-dose intravenous administration of 
T-DM1 in cynomolgus monkeys. In general, 
nonclinical data indicated that the PK of con-
jugated trastuzumab is bi-exponential, with 
a mean serum clearance (CL) ranging from 
42 ml/kg/day (0.3 mg/kg dose) to 10 ml/kg/day 
(30 mg/kg dose) and terminal half-life (t½,b) of 
approximately 0.9 days (0.3 mg/kg dose) to 
5 days (30 mg/kg dose). Total-trastuzumab PK 
was also bi-exponential, with a volume of dis-
tribution similar to that of conjugated trastu-
zumab. Conjugated trastuzumab has a CL 
approximately two- to 2.5-times faster and a 
t½,b approximately two-times shorter than that 
of total trastuzumab. DM1 concentrations in 
plasma were highest immediately after dosing, 
but were approximately 10,000-times lower than 
the concentrations of T-DM1 (~49-times lower 
by molar concentrations). 

Figure 8 shows representative PK curves for 
the first cycle of T-DM1 administered to meta-
static breast cancer patients. Across multiple 
Phase I to Phase III clinical studies, conjugated 
trastuzumab demonstrated a predictable PK 

profile, characterized by CL ranging from 7 to 
13 ml/day/kg and t½,b of approximately 4 days. 
In addition, total trastuzumab had a slower CL 
(~3–6 ml/day/kg) and longer t½,b (~9 to 11 days) 
compared with conjugated trastuzumab. The 
linker stability was demonstrated by consistently 
low maximum systemic plasma DM1 concen-
trations, averaging to approximately 6 ng/ml 
with an administration of T-DM1 3.6 mg/kg as 
measured using our conservative DM1 catabolite 
LC–MS/MS assay described above. There was 
no evidence of DM1 accumulation in plasma 
following repeated dosing of T-DM1. Maxi-
mum DM1 levels did not exceed 60 ng/ml 
in individual patients after repeated T-DM1 
administration.

Discussion
The T-DM1 molecule contains a large- 

molecule antibody as well as a small-molecule 

Table 4. Recovery in the conjugated-trastuzumab ELISA calculated 
relative to the concentration obtained by the total-trastuzumab 
ELISA.

Drug-to-
antibody 
ratio

Average 
total trastuzumab 
(ng/ml)

Average 
conjugated trastuzumab 
(ng/ml)

T-DM1 
recovery† 
(%)

2.58 26.3 27.7 106
3.07 24.6 25.3 103
3.40 23.5 23.9 102
3.94 20.0 20.5 102
4.10 22.3 22.7 102
†T-DM1 recovery = 100 × (average conjugated trastuzumab/average total trastuzumab). 
T-DM1: Ado-trastuzumab emtansine.
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Figure 6. DM1 analyte stability in the presence of T-DM1. Time 0 had 0.4% 
free DM1. 
DM1: Antimicrotubule agent derived from maytansine; T = 0: Freshly prepared 
sample; T-DM1: Ado-trastuzumab emtansine.

PK assays for ADCs: case study with ado-trastuzumab emtansine  | ReseaRch aRticle
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Unconjugated drug stability experiment?

ADC Stock Solution 19.6 mg/mL
Drug-antibody-ratio (DAR) 1.8 mol Drug Y/mol ADC X
Molar mass ADC X 147,620.3 g/mol
Molar mass Drug Y 600.66 g/mol

Assay range: 0.0250 to 15.0 nM (15.0 to 9010 pg/mL)
Low QC: 0.0500 nM (30.0 pg/mL), high QC: 12.0 nM (7210 pg/mL)

Sample 
ID

Fortified
ADC X 
Conc.

Fortified 
Drug Y 
Conc.

Expected 
Drug Y 
Conc.

Projected
if 0.025% ADC 

hydrolysis

Projected
if 0.050% ADC 

hydrolysis
QC 10 500 µg/mL

(Cmax)
0.00 nM 1.10 nM

(as measured)
2.62 nM

(DFT = 140%)
4.15 nM

(DFT = 280%)
QC 11
“Low”

500 µg/mL 1.10 nM
(equal to 

pre-existing)

2.20 nM 3.72 nM
(DFT = 70%)

5.25 nM
(DFT = 140%)

QC 15
“High”

500 µg/mL 12.0 nM 13.10 nM 14.62 nM
(DFT = 12%)

16.15 nM
(DFT = 24%)

Note: QC 10 pre-existing Drug Y level = 1.10 nM or 40x LLOQ!
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Due to DAR Changes  

S. Kaur, AAPS, San DIego, 11.04.14  

Antibody-Conjugated Drug
AC/LC-MS/MS Assay

Conjugated
Antibody LBA

(DAR-insensitive?) 

(DAR-sensitive) 

Slide adaptation courtesy of Surinder Kaur (Genentech)



Antibody-conjugated drug
Handled & reported in two ways:

1. Total ac-Drug (ng/mL or nM, unconjugated drug basis) 
2. Total ADC (μg/mL, intact ADC basis); ac-Drug a surrogate

Cleavable linkers
Approach
+ Typically use generic or specific affinity capture followed by chemical or 

enzymatic linker cleavage
+ Released ac-drug measured same as unconjugated drug

Noncleavable linkers
+ Not applicable to random lysine conjugation
+ Mainly applied to engineered ADCs with site-specific conjugation
Approach 
+ Typically use affinity capture followed by ‘total’ enzymatic digestion
+ Released peptide-linker-drug measured similarly to unconjugated drug



efficient release of the drug in the target cell. Interestingly, with
the murine mAb CTM01, ADC 3 showed activities equal to or
even greater than that of the corresponding hydrazone conjugate 2
in several in Vitro and in ViVo tumor models, revealing that this
conclusion is not general (16). In clinical trials, however, compound
3 had only limited evidence of activity.

Mylotarg has met limited successes due to a narrow thera-
peutic window. The linker technology based on pH-dependent
release mechanism is possibly not sufficiently stable and too
much of the drug is being released in the bloodstream, as
pharmacokinetic data have shown that the mean half-life of
Mylotarg is 72 h (15). Nonetheless, the development of CMC-
544 (inotuzumab ozogamicin), which is a humanized anti-CD22
mAb identically attached to N-acetyl-γ-calicheamicin dimethyl

hydrazide via the acid-labile 4-(4′-acetylphenoxy)butanoic acid
linker is ongoing at Wyeth. Although this ADC is closely related
to Mylotarg, good stability was shown in both human plasma
andserum(rateofhydrolysisof1.5-2%/dayover4days) (17,18).

Disulfide bonds can be an alternative to acid-labile hydrazone
linkers. In this case, the release is attributed to the high
intracellular concentration of glutathione. This thiol-containing
tripeptide is present in micromolar concentrations in the blood,
whereas its concentration in the cytoplasma is in the millimolar
range (up to 1000-fold higher). This is especially true for tumor
cells, where irregular blood flow leads to hypoxic state
(decreased oxygen level), resulting in enhanced activity of
reductive enzymes and therefore even higher glutathione
concentrations. In the absence of sulfhydryl groups, disulfide

Scheme 1. Presumed Release Mechanism of MMAE (7) from ADC 6 Incorporating a Valine-Citrulline Peptidic Linker

Table 1. Compared Stabilities of Enzyme-Labile and Chemically Labile Linkers in ADCs with MMAE Conjugated to cBR96 mAb

Reviews Bioconjugate Chem., Vol. 21, No. 1, 2010 7
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Cleavable ADC: brentuximab vedotin (vcMMAE)

Ducry L and Bernhard Stump B. Bioconjugate Chem. 2010, 21, 5-13

cathepsin B
(or papain)
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active when attached in this manner. Only MMAF can sustain
significant modification to the N-terminal position and still
retain its potency. Recently, it was shown that a slow transfer
of the drug from the ADC to albumin cysteines in the plasma
occurs with alkyl-maleimide ADCs (50). To counteract this
effect, the linker stability was enhanced by replacing the
maleimide (as in ADC 26) with an acetamide functionality
(as in ADC 27). This type of ADC led to no apparent
degradation in the bloodstream for up to 14 days.

CONCLUSION

A promising approach to improve the potency of antibody-
based cancer therapies is to conjugate the mAb with cytotoxic
chemotherapeutic drugs. In the foreseeable future, ADCs will
eventually fulfill the promise of specific delivery of cytotoxic
drugs to tumor cells (targeted therapy), thus avoiding the
dose-limiting toxicity of chemotherapy that occurs as a result
of its effects on normal cells. The linker technology
profoundly impacts ADC potency, specificity, and safety.
Early ADC linkers were commonly derived from acid-labile
hydrazones, which were designed to be cleaved inside target
cancer cells, but inevitably underwent cleavage at nontarget
sites. Newer linkers feature hindered disulfides and peptidic

moieties that have achieved greater in ViVo stability. To spare
nontarget tissues from chemotherapeutic damage, noncleav-
able linkers were recently developed. They are thus far the
most stable linkers used in ADCs. This recent development
may shift some of the future challenge in ADC development
from the linker technology toward finding cytotoxic drugs
that retain their potency when bearing a covalently attached
linker. The improved linker stability and reduced toxicity,
however, come together with greater target dependence than
in the case of cleavable linkers. ADCs with noncleavable
linkers must be internalized and degraded within the cell,
whereas compounds with cleavable linkers may be active
against targets that are poorly internalized through extracel-
lular drug release and drug entry into tumor cells. Similarly,
killing of bystander antigen-negative cells through targeting
of antigen-positive cells (collateral toxicity) is presumably
only possible with cleavable linkers. The Lonza ADC-team
thus believes that no general linker design exists for all ADCs
or cancer types. Despite significant progress, each mAb must
be examined separately in order to optimize a specific
delivery system.
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Noncleavable ADC: trastuzumab emtansine (MCC-DM1)
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LCMS Methods for Mylotarg

• Unconjugated Calicheamicin by LCMS
• API 6500
• Human serum – may have analyte stability challenges
• Sample aliquot = 50 uL
• LLOQ = 0.050 ng/mL

• Conjugated Calicheamicin methods by LCMS
• API4000
• Sample aliquot = 150 uL
• InO: LLOQ = 0.070 ng/mL of e-Calicheamicin (DAR = 6.8)
• EFNA4: LLOQ = 0.100 ng/mL of e-Calicheamicin

• Conjugated Calicheamicin methods for GO in a dual-analyte LCMS 
method
• API6500
• Sample aliquot = 75 uL (vs 200 uL with 2 separate methods)
• Unconjugated Calicheamicin: LLOQ = 0.020 ng/mL
• Mylotarg: LLOQ = 0.025 ng/mL of e-Calicheamicin
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Mylotarg  - Principles of a Dual-Analyte Method

Discard X

Unconjugated
payload

Conjugated
payload
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Mylotarg Assay: Unconjugated Calicheamicin Curve,  
Chromatography and IS Performance
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Mylotarg Assay: Conjugated Calicheamicin Curve,  
Chromatography and IS Performance

Calibration curve (quadratic)
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Total antibody by LC-MS



Immunoglobulin G monoclonal antibody (mAb)

been developed for in vivo selections inside bacteria22 or yeast23–25. Each 
of these systems has advantages and disadvantages that make them more 
or less suitable for particular applications, and the relative merits of the 
different technologies have been described elsewhere6,20.

Diversity design. Regardless of the display format, the quality of an in 
vitro library depends on the ability to generate large populations of highly 
diverse and functional antibodies. Optimized methods for library con-
struction have made it routine to achieve extremely large diversities by 
either in vitro transcription/translation20 or transformation of bacteria26 
or yeast27. However, the fraction of a library that is actually displayed as 

correctly folded antibodies is more difficult to assess and depends criti-
cally on the design principles employed for library construction.

The methods used to generate diversity are fundamentally different for 
natural and synthetic antibody libraries. In the case of natural repertoires, 
molecular biology techniques are used to amplify and clone pools of light- 
and heavy-chain variable domains directly from immune tissues (Fig. 1a). 
A major advantage of this approach is that it only requires knowledge of 
the antibody gene sequences, which are now readily available for many 
species, and most of the displayed antibodies are likely to be correctly 
folded, as they have been derived from lymphocytes producing functional 
antibodies. However, sequence diversity is limited to the scope of the 

BOX 1  THE ANTIBODY MOLECULE
The crystal structure of a full-length IgG (Protein Data Bank (PDB) 
entry 1IGT). The molecule is a heterotetramer of two heavy chains 
(yellow) and two light chains (blue). The antigen-binding site (red) 
is formed by six hypervariable loops (three each from the light and 
heavy chain) or CDRs. The complexity of the IgG molecule is in-
creased by the presence of intra and intermolecular disulfide bonds 
and by glycosylation on the heavy chain. However, the full-length 
molecule is not required for antigen recognition, as the antigen-
binding site is contained entirely within the nonglycosylated, het-
rodimeric Fab. The antigen-binding unit can be reduced further to 
the Fv consisting of the VL and VH, and this unit can be produced as 
a stable monomer by fusing the two variable domains through a poly-
peptide linker to produce an scFv. The simplest antigen-binding unit 
is the VH domain, which is found in natural camelid antibodies that 
lack light chains, and also has been derived from human antibodies 
by protein engineering and in vitro evolution. For synthetic antibody 
library construction, diversity is introduced into the CDR loops, and 
the remaining regions of the variable domains serve as a framework 
to maintain the structure of the antigen-binding site.

Fv

Fab

VH

BOX 2  ANTIBODY PHAGE DISPLAY
Antibody selection from M13 bacteriophage libraries. Libraries of antibodies (in this example, Fabs) are displayed on the surfaces of phage 
particles as fusions to a coat protein. Each phage particle displays a unique antibody and also encapsulates a vector that contains the encod-
ing DNA. Highly diverse librar-
ies (>1010) can be constructed 
and represented as phage pools, 
which can be used in selections 
for binding to immobilized anti-
gen. Antigen-binding phage are 
retained by the immobilized an-
tigen, and the nonbinding phage 
are removed by washing. The 
retained phage pool can be ampli-
fied by infection of an Escherichia 
coli host, and the amplified pool 
can be used for additional rounds 
of selection to eventually obtain a 
population that is dominated by 
antigen-binding clones. At this 
point, individual phage clones 
can be isolated and subjected to 
DNA sequencing to decode the 
sequences of the displayed anti-
bodies.

Amplification
in E.coli

Immobilized
antigen

Binding selection Washing

Nonbinding phage
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• heavy chains (yellow)
• light chains (blue)
• hypervariable loops (red)

� CDR
peptides!

CDR �
peptides!

Sidhu S. S. & Fellouse, F. A. Nat. Chem. Biol. 12, 682-8 (2006)
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Generic AC/LC-MS/MS total antibody assay
for non-clinical applications

1. Generic affinity capture
+ Protein A, G, L
+ Anti-human Fc
+ SILuMab™ IS added

2. “On-bead” processing
+ Typical chemistry steps:

- Denaturation
- Reduction
- Alkylation
- Trypsin digestion

3. LC-MS/MS Detection
+ Constant region human peptides

Anti-hFc
antibody

mAb/ADC
analyte

Trypsin
Peptides

LC-MS/MS

Paramagnetic
bead



Constant region human peptides
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Validation of a biotherapeutic immunoaffinity-LC–MS/MS assay in monkey serum   Research Article

Monoclonal Antibody (SILu™Mab) was purchased as 
a lyophilized solid (100 μg/vial) from Sigma-Aldrich 
(MO, USA) and used as a stable isotope-labeled inter-
nal standard (SIL-IS) in all of the assays. SILu™Mab 
is a highly purified stable isotope-labeled IgG1 mono-
clonal antibody recombinantly synthesized utilizing 
enriched media containing 13C6, 

15N4-labeled argi-
nine and 13C6, 

15N2-labeled lysine amino acids. The 
standard solutions were used within their established 
expiration dates.

The three target framework peptides, derived 
from the mAbs of interest by trypsin digestion, were 
chemically synthesized by Elim Biopharmaceuticals 
(Hayward, CA), and are presented in Table 1. These 
unlabeled synthetic peptides, each named with N-ter-
minal first four amino acid codes in the sequence, in 
other words, TTPP, VVSV and TPEV, were used only 
for optimizing mass spectrometer parameters. For 
clarity, the corresponding SIL-IS peptides, contain-
ing [13C6,

15N2] lysine on the C-terminal, were derived 
from SILu™Mab after trypsin digestion and not sepa-
rately synthesized. Acetonitrile (HPLC grade), meth-
anol (HPLC grade), isopropyl alcohol (HPLC grade), 
2,2,2-Trifluoroethanol, formic acid, ammonium 
bicarbonate, dithiothreitol, iodoacetic acid, bovine 
serum albumin and sodium hydroxide were all pur-
chased from Sigma-Aldrich. RapiGest™ SF Surfac-
tant (50 mg, 186002122) was purchased from Waters. 
Sequencing grade trypsin (V5113) was purchased 
from Promega (WI, USA). Dynabeads® M-280 Strep-
tavidin (10 mg/ml, 60210), were obtained from Invit-
rogen. Biotinylated anti-IgG antibody R10Z8E9 [18,19] 
was generated in-house and is also available from 
various commercial sources. PureProteome™ Pro-
tein A/G Mix Magnetic Beads (LSKMAGAG10) was 
purchased from Millipore (MA, USA). Cynomolgus 
monkey, rat and mouse sera were all purchased from 
Biochemed Inc. (VA, USA).

Methodology for mAb-1, mAb-2 & mAb-3
Preparation of calibration standards & QC 
samples
Calibration standards (0.100, 0.180, 0.300, 0.900, 
3.00, 9.00, 20.0 and 25.0 μg/ml) and QCs (0.100, 
0.250, 0.500, 1.50, 5.00 and 19.0 μg/ml) were pre-
pared by serial dilutions from stock solutions from the 
same source and concentration. Pools were prepared 
and stored in protein low-binding tubes at -80 ± 10°C. 
During the validation, calibration standards were 
prepared fresh on the day of use.

Sample processing procedures
Aliquots of 10 μl of the serum samples (blanks, cali-
bration standards or QCs samples) were pipetted into 
the wells of a 96-well polypropylene microtiter plate, 
containing 100 μl of HBS-EP buffer (GE Healthcare).

A 20-μl volume of the SILu™Mab IS solution and 
a 25-μl volume of Dynabeads conjugated with bioti-
nylated antihuman IgG1 reagent monoclonal antibody 
R10Z8E9 [18,19] were added to each well. mAb-1 and 
the SIL-IS were isolated by overnight incubation (16 
to 18 h) at 2 to 8°C and 700 r.p.m. Using an exter-
nal magnet and an automated plate washer (ELx405™ 
Microplate Washer, BioTech Instruments, VT, USA), 
the magnetic beads were separated and the supernatant 
discarded. After washing the magnetic bead-bound 
mAb-1/ R10Z8E9 complex with 1X Tris-Buffered 
Saline (TBS) buffer, it was subjected to on-bead pro-
cessing, starting with denaturation and reduction with 
50 μl of 0.05% RapiGest SF Surfactant solution and 
10 μl of 100 mM dithiothreitol at 60°C for 60 min in 
a preheated mixer (Thermomixer® C, Eppendorf, NY, 
USA) at 700 r.p.m. The denatured protein was alkyl-
ated with 25 μl of 100 mM iodoacetic acid at 25°C for 
30 min, followed by digestion with 10 μl of 0.250 mg/ml 
trypsin at 37°C for 2 h. The digestion reaction was then 
quenched by adding 15 μl of 2N HCl solution. After 

Table 1. Multiple reaction monitoring ion transitions and triple-quadrupole parameters for the target tryptic 
peptides and their stable isotope labeled internal standards.

Peptide 
ID

Amino acid sequence Purpose MRM transition m/z Declustering 
potential 
(DP), V

Collision 
energy 
(CE), eV

TTPP K.TTPPVLDSDGSFFLYSK.L Quantification 937.46 [+2] – 836.60 [+2, y15] 50 40

VVSV R.VVSVLTVLHQDWLNGK.E Monitoring 603.50 [+3] – 805.70 [+2, y14] 44 22

TPEV R.TPEVTCVVVDVSHEDPEVK.F Monitoring 714.40 [+3] – 472.50 [+1, y4] 72 35

TTPP-IS† K.TTPPVLDSDGSFFLYSK (13C6,
15N2).L Internal standard 941.47 [+2] – 840.60 [+2, y15] 50 40

VVSV-IS† R.VVSVLTVLHQDWLNGK (13C6,
15N2).E Internal standard 606.02 [+3] – 809.45 [+2, y14] 44 22

TPEV-IS† R.TPEVTCVVVDVSHEDPEVK (13C6,
15N2).F Internal standard 716.35 [+3] – 480.30 [+1, y4] 72 35

†

Kaur S, Liu L, Cortes D et al. Bioanalysis 8(15), 1565-1577 (2016). 



Specific AC/LC-MS/MS total antibody assay
for clinical applications

1. Specific affinity capture
+ Anti-therapeutic mAb
+ Anti-ID antibody
+ Target receptor

2. “On-bead” processing
+ Typical chemistry steps:

- Denaturation
- Reduction
- Alkylation
- Trypsin digestion

3. LC-MS/MS Detection
+ Variable region CDR peptides

Anti-ID
antibody

mAb/ADC
analyte

Trypsin
Peptides

LC-MS/MS

Paramagnetic
bead



Variations on the hybrid assay theme…

Wang J, Gu H, Liu A et al. Bioanalysis, (2016) 8(13), 1383–1401

Procedure of hybrid LB/LC–MS/MS assays (from Fig. 2)



Hybrid assays developed with combinations of different 
capture reagents and enzymes (from Fig. 3)

Wang J, Gu H, Liu A et al. Bioanalysis, (2016) 8(13), 1383–1401



BMV considerations: large molecule ADC assays

Antibody-conjugated drug (or Total ADC)
+ If using a hybrid method, apply LBA A&P limits?
+ Check affinity capture efficiency (recovery)
+ Check proteolysis/digestion efficiency
+ Relevant SM aspects
+ Report in nM or ng/mL ac-Drug, or µg/mL ADC, assumed DAR
Total antibody
+ Same approach as for mAb assays
+ Typically apply LBA A&P limits
+ Check affinity capture efficiency (recovery)
+ Check proteolysis/digestion efficiency
+ Relevant SM aspects
+ Evaluate selectivity/specificity with normal and disease matrices, 

possible interfering unrelated and related substances



Evolving ADC constructs



Probody™ therapeutics

HEALTHY TISSUE DISEASED TISSUE



Probody™ drug conjugates (PDC)

Based on cleavable peptide blocked CDRs
• Activation of the Probody antibody tightly 

regulated, binding only when cleaved
by tumor-associated proteases

• Promising for previously inaccessible
cancer antigens by greatly reducing 
collateral damage to normal tissues

• Example: anti-human CD166 Probody-
SPDB-DM4 (CX-2009)
• CD166 highly expressed in many

cancers, but also on normal tissues
• Well tolerated at 5 mg/kg, with no on-target 

and off-target toxicity



Probody™ drug conjugates (PDC)

What to measure by LC-MS?

• Total antibody
• Intact PDC (w/ blocking peptides)

• Total PDC-conjugated spdb-DM4
• Unconjugated DM4 and metabolite

• Blocking peptide



Pentarins™
miniaturized biologic drug conjugates (mBDCs)



Pentarins™
miniaturized biologic drug conjugates (mBDCs)
Based on receptor/target protein ligands
• Targeting cell surface receptors or other

proteins over-expressed in many cancers
• Small size for deep penetration in

solid tumor tissue
• Polymeric nanoparticle encapsulation

to control systemic circulation half-life, 
biodistribution and drug release

• Enhanced permeability and retention
(EPR) effect

• Example: anti-human SSTR2 somatostatin 
receptor peptide ligand-DM1 conjugate (PEN-221)
• For neuroendocrine cancers (e.g., SCLC)
• Tumor regression with one cycle of 2 mg/kg



Pentarins™
miniaturized biologic drug conjugates (mBDCs)

What to measure by LC-MS?

• Total intact mBDC therapeutic (PEN-221)
• Total somatostatin receptor peptide ligand

• Total conjugated DM1
• Unconjugated DM1



LC-MS ‘multiplex’ assays improve efficiency 

+ Conjugated & unconjugated payload
+ From a single aliquot, isolate into two separate fractions
+ Cleave conjugated payload in one and analyze both fractions

+ Total antibody & conjugated payload
+ Generic or specific immunoaffinity capture
+ Digestion/payload release
+ Analyze mAb peptide(s) and payload together

+ Total antibody, probody, & conjugated payload
+ Generic or specific immunoaffinity

capture
+ Digestion/payload release
+ Analyze mAb and other peptide(s)

and payload together



Extensions of LC-MS methodology



ADC biotransformation

Saad OM et al. Bioanalysis, (2015) 7(13), 1583–1604
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AC-LC-HRMS method to assess DAR changes

153 MUC16 ECD on the streptavidin beads. The beads were gathered
154 and washed twice with 400 ll of HBS–EP buffer. A KingFisher 96
155 magnetic particle processor (Thermo Electron) was used to mix,
156 wash, gather, and transfer the paramagnetic beads.

157 Affinity capture, deglycosylation, and elution of ADCs

158 Approximately 50 ll of plasma or serum samples was added to
159 a square-top 96-well plate containing 400 ll of HBS–EP followed
160 by the addition of the ECD-modified paramagnetic beads described
161 above. The plasma/serum samples could be blank plasma/serum
162 (Bioreclamation or Lampire Biological Labs) spiked with three
163 anti-MUC16 TDC standards (DAR 0, DAR 1, and DAR 2) at known
164 concentrations or unknown study samples. Site-specific conjuga-
165 tion of a humanized anti-MUC16 mAb to the antimitotic
166 and cytotoxic drug monomethyl auristatin E (MMAE) via the
167 maleimido-caproyl–valine-citrulline–para-amino-benzyloxy car-
168 bonyl (MC–vc–PAB) linker [21] at engineered cysteines introduced
169 on each heavy chain was performed at Genentech. The structure of

170the TDC is shown in Scheme 1. Detailed description of the drug
171conjugation can be found elsewhere [7]. The plate containing both
172samples and beads was covered with an aluminum seal and incu-
173bated at room temperature for 2 h with gentle shaking to facilitate
174affinity capture of the target TDCs using MUC16 ECD. The beads
175were isolated and washed twice with 400 ll of HBS–EP and subse-
176quently transferred to a plate containing 300 ll of HBS–EP, 32 ll of
17780 mM sodium phosphate buffer (pH 7.5) (J.T. Baker), and 4 ll of
178peptide N-glycosidase F (PNGase F, ProZyme). The plate was cov-
179ered with an aluminum seal and placed in an incubator (New
180Brunswick Scientific) overnight at 37 !C, and the shaking speed
181was set to 300 rpm. Following overnight deglycosylation of the
182captured ADCs, the beads were isolated and washed twice with
183500 ll of HBS–EP and then twice with 500 ll of water. A final wash
184was done with 500 ll of 10% acetonitrile in water to ensure that
185nonspecific plasma proteins were effectively removed. The beads
186were then transferred to a plate containing 50 ll of 30% acetoni-
187trile in water with 1% formic acid for elution. The ADC elution
188was performed by gently mixing the beads at room temperature

Biotinylated target 
antigen, e.g., ECD

Wash

Plasm
a w

ith AD
C

s

Incubate @
 20-25 oC

Deglycosylation, Wash

Magnet separation

El
ut

e

Inject onto
LC-MS Biotin-Target 

Antigen

mAb

Magnet

ADCs

Streptavidin Coated 
Paramagnetic Bead

: streptavidin coated paramagnetic bead, : biotinylated capture probe, 
: antibody or antibody drug conjugate (ADC)

: proteins, peptides and other species in plasma

A

D C

B

Fig.1. Schematic of the affinity capture LC–MS method to analyze ADCs in plasma or serum. (A) Biotinylated target antigen (e.g., ECD) is immobilized on paramagnetic
streptavidin beads by incubating at room temperature. Excess reagents are washed away. (B) The modified beads are then incubated with plasma/serum containing ADCs at
room temperature to enable the capture of ADCs by target antigen. The inset depicts the immunoaffinity interactions between target antigen and the antibodies. (C)
Deglycosylation is subsequently performed. Following extensive washing to remove unbound and nonspecifically bound proteins, beads are isolated by magnetization. (D)
The ADCs are then eluted from the beads and injected onto the capillary LC–MS system for analysis.
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189 for approximately 15 min. The beads were then removed and dis-
190 carded. Approximately 40 ll of the supernatant was transferred to
191 a 96-well injection plate (VWR Scientific Products) using a multi-
192 channel pipette (Rainin Instrument). The plate was covered with
193 a silicon sealing mat and centrifuged at 3000 rpm for approxi-
194 mately 5 min at 2–8 !C before injecting onto LC–MS.

195 Capillary LC–MS system

196 The ADC samples (10 ll) were injected onto a polymeric
197 reversed phase PLRP-S capillary column (0.3 ! 50 mm, 5 lm,

1984000 Å, Varian) using an HTS PAL autosampler (LEAP Technologies)
199with a cool stack set at 4 !C. The column temperature was main-
200tained at 70 !C using a Column heater (Keystone Scientific).
201The LC separation was conducted using an Express LC-100 liquid
202chromatography system (Eksigent Technologies) at a flow rate of
20315 ll/min. Mobile phase A was water with 0.1% formic acid, and
204mobile phase B was acetonitrile with 0.1% formic acid. The gradient
205condition was maintained at 0% B for 2 min, ramped to 40% B in
2067 min, kept at 40% B for 1 min, increased to 50% B in 0.5 min,
207retained at 50% B for 1 min, returned back to 0% B in 1 min, and
208finally equilibrated for 2.5 min before the next injection (for a total
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Fig.2. Measurement of intact ADCs with different drug-to-antibody ratios in plasma by affinity capture LC–MS. The results show unbiased capture of anti-MUC16 TDC
standards (DAR 0, DAR 1, and DAR 2) spiked into rat plasma at a fixed composition. (A) Representative TIC of the TDC mixture. A retention time window (highlighted) is
selected to extract the mass spectrum of the TDCs. (B) Corresponding extracted mass spectrum showing characteristic charge envelopes for individual TDC species. (C)
Deconvoluted mass spectrum from panel B showing relative abundances of TDC species.
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Xu K, Liu L, Saad O et al. Anal. Biochem, (2011) 412, 56-66



ADC characterization (reduced interchain S-S)

Figure 7. Summary of mass 
shifts and peak asymmetry 
observed in cysteine-linked 
ADCs in vivo. Detection of odd 
loaded species at masses higher 
than expected was attributed to 
modification at the deconjugated 
drug-linker sites, specifically 
cysteinylation, and observed 
asymmetry in the deconvoluted 
data over time is hypothesized 
to be a consequence of 
increased sample heterogeneity 
due to in vivo modifications, 
including hydrolysis.

Hengel SM et al. Anal. Chem. 2014, 86, 3420–3425. 



ADC biotransformation – HR/AM MS analysis

 

Figure 3. Characterization of deacetylation for anti-CD22 MC-vc-PAB Tubulysin M TDC1.  SCID 

mice were dosed intravenously with 1 mg/kg of anti-CD22 MC-vc-PAB Tubulysin M TDC1 (a). Plasma 

samples were harvested at 1 and 4 days post-dose and the conjugate was analyzed by HR/AM Orbitrap 

MS (b, c and d) and TOF MS (e, f and g). DAR2, DAR1 and DAR0 species were labeled in red, green 

and purple, respectively. 
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ADC biotransformation – HR/AM MS analysis

Jintang He, Dian Su, Carl K. Ng, Luna Liu, Shang-Fan Yu, Thomas H Pillow, Geoffrey Del 
Rosario, Martine Darwish, Byoung-Chul Lee, Rachana Ohri, Hongxiang Zhou, Xueji Wang, 
Jiawei Lu, Surinder Kaur, and Keyang Xu. Anal. Chem. 2017, in press. 

 

Figure 5. Hydrolysis/Hydration of an anti-Her2 LC-V205C PBD dimer TDC.  Sprague-Dawley rats 

were dosed intravenously with 5 mg/kg of this TDC. Plasma was harvested 4 days post-dose and the 

conjugate in each plasma sample was analyzed by affinity capture LC-MS on both TOF (a) and Orbitrap 

(b) instruments. Following analysis of the intact TDC, the leftover sample was reduced with TCEP and 

analyzed by LC-MS (c). Three potential hydrolysis/hydration sites were highlighted in green (d). L 

represents light chain, and LD represents linker- drug. 
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ADA/ATA evaluation by LC-MS?

Chen L, Roos D, & Philip E. J. Immunol. Res. 2016;2016:7682472.
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Therapeutic proteins and peptides have potential to elicit immune responses resulting in anti-drug antibodies that can pose
problems for both patient safety and product efficacy. During drug development immunogenicity is usually examined by
risk-based approach along with specific strategies for developing “fit-for-purpose” bioanalytical approaches. Enzyme-linked
immunosorbent assays and electrochemiluminescence immunoassays are the most widely used platform for ADA detection due
to their high sensitivity and throughput. During the past decade, LC/MS has emerged as a promising technology for quantitation
of biotherapeutics and protein biomarkers in biological matrices, mainly owing to its high specificity, selectivity, multiplexing, and
wide dynamic range. In fully taking these advantages, we describe here an immunocapture-LC/MS methodology for simultaneous
isotyping and semiquantitation of ADA in human plasma. Briefly, ADA and/or drug-ADA complex is captured by biotinylated
drug or anti-drug Ab, immobilized on streptavidin magnetic beads, and separated from human plasma by a magnet. ADA is then
released from the beads and subjected to trypsin digestion followed by LC/MS detection of specific universal peptides for each
ADA isotype. The LC/MS data are analyzed using cut-point and calibration curve. The proof-of-concept of this methodology is
demonstrated by detecting preexisting ADA in human plasma.

1. Introduction

Therapeutic proteins and peptides have potential to elicit
immune responses [1, 2], resulting in anti-drug antibodies
(ADAs) that can pose problems for both patient safety and
product efficacy. Clinical consequences can range from rela-
tively mild to serious adverse events [3–5], such as anaphy-
laxis, cytokine release syndrome, and cross-reactive neutral-
ization of endogenous proteins mediating critical functions.
ADA can affect drug efficacy and biodistribution and drug
clearance, and complicate the interpretations of toxicity and
pharmacokinetic (PK) and pharmacodynamic (PD) data [6–
8]. During drug development immunogenicity is examined
by risk-based approach along with specific strategies for
developing “fit-for-purpose” bioanalytical approaches [9].

Characterization and analysis of ADA are a vital element
of immunogenicity assessment. Enzyme-linked immunosor-
bent assays (ELISA) and electrochemiluminescence (ECL)
immunoassays [10] are the most widely used platform for
ADA detection due to their high sensitivity and throughput.

Lower affinity ADA can be detected by surface plasmon
resonance, biolayer interferometry, or other platforms [11].
Typically, detection of ADA is followed by assessments
of the magnitude (titer) of the ADA response and the
in vitro neutralizing ability of ADA, especially in late-
stage clinical studies. Additional characterization of ADA
such as immunoglobulin subclass or isotype determinations,
domain-mapping, relative binding affinity, cross-reactivity
with endogenous proteins, or complement activating ability
of the ADA may be driven by product-specific, indication-
specific, or risk assessment-based objectives [9, 12, 13].

Recommendations for ADA assay development, method
validation, and testing strategies have been published
by the Ligand-Binding Assay Bioanalytical Focus Group
(LBABFG) of American Association of Pharmaceutical Sci-
entists (AAPS) [10, 12, 14–16]. Additionally, scientific publi-
cations on risk-based approaches to immunogenicity assess-
ments [9, 12, 17–19] and regulatory documents from the US
Food and Drug Administration (FDA) and the European
Medicine Agency (EMA) are also available [20–23]. Together,
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LBA or LC-MS for ADCs?



Final thoughts
+ ADCs and other multi-domain biotherapeutics are 

evolving at a rapid pace
+ Assessing exposure, safety, efficacy and 

biotransformation is becoming more complicated
+ Comprehensive development of ADCs requires 

both LBA and LC-MS assay technologies 
+ Decisions between LBA or hybrid LC-MS approaches 

are driven by many factors, including:
+ developer/sponsor’s ADCs bioanalytical philosophy
+ need for alternative or complementary data
+ strength/experience of bioanalytical labs 
+ context of use (fit-for-purpose) considerations
+ technical benefits vs. costs 
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