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Immunocapture-LC/MS has recently been used for quantitating therapeutic proteins/peptides 
and biomarkers in various matrices. The advantages of  LC/MS quantitation include high speci-
ficity and selectivity, wide dynamic range, and less susceptibility to interference from endogenous 
matrix components. We present a highly sensitive sequential immunoaffinity-LC/MS assay for 
quantitation of  a biotherapeutic protein (39 kD) in monkey plasma. The first immunocapture 
utilized a biotinylat ed mouse anti-drug antibody to capture the drug in plasma. After tryptic di-
gestion, a unique peptide from the drug was then captured by the sec ond immunocapture using a 
mouse anti-peptide antibody for further sample purification. Samples analysis was performed on 
a microLC-triple quadrupole mass spectrometry system (MS/MS). Both immunocapture proce-
dures were carried out in 96-well plates using a magnetic beads handler. The LLOQ of  the assay 
is 50 pg/mL, which was approximately 100x more sensitive than a corresponding single immuno-
capture-LC/MS assay either using the anti-drug or anti-peptide antibody.

Keywords: anti-drug antibody, anti-peptide antibody, sequential immunoaffinity, immunocature-LC/MS, surrogate 
peptide.

Introduction
Quantitation of  therapeutic proteins/peptides has been 
traditionally performed using ligand-binding assays 
(LBA) in support of  drug discovery and development 
[1,2]. LBA relies on specific binding of  target biother-
apeutic analyte to capture /detection antibody to select 
and eventually detect the therapeutic in a complex ma-
trix such as plasma. The most significant benefits of  us-
ing LBA include high sample throughput and sensitivity. 
However, LBA is subject to interferences from endog-
enous matrix components that impact assay selectivity. 

In recent years, LC/MS has emerged as a promising 
platform for quantitation of  biotherapeutics and protein 
biomarkers in biological matrices [3-6]. The vast majority 
of  LC/MS-based protein quantifications are performed 
at peptide levels, mainly due to consideration of  assay 
sensitivity [7-10]. A typical procedure for LC/MS-based 
quantification includes enzyme digestion and quantifica-
tion of  the target proteins based on selected surrogate 
peptides derived from the target [8,9]. Recently, immu-
nocapture sample purification and enrichment prior to 
digestion and subsequent LC/MS analysis has been im-
plemented [10-16]. The combination of  immunocapture 
with LC/MS not only can address the selectivity issues 
affecting LBA, but also add significant benefits such as 
multiplexing (multiple analytes in one assay; same assay 
for multiple species/matrices), fast method development, 
wide dynamic range (up to 4 orders of  magnitude), and 



good robustness and reproducibility.
For most immunocapture-LC/MS analysis of  biothera-
peutics, the immunocapture step is performed at the pro-
tein level [17]. It takes advantage of  the unique immu-
noaffinity of  the biotherapeutic and the capture agent, 
and thus provides unique selectivity. The capture agent, 
which is usually an antibody or target, is immobilized on 
magnetic beads or other solid support. During the immu-
nocapture process, magnetic beads containing captured 
biotherapeutic are separated from matrix. After washing, 
the biotherapeutic is eluted from the beads by the addi-
tion of  acid, followed by digestion and subsequent LC/
MS analysis. As expected, the immunocapture sample 
cleanup produces a clean, enriched extract and greatly 
reduces matrix effect on the LC/MS analysis resulting in 
improved assay sensitivity [10, 13]. In an early example of  
such applications, a lower limit of  quantitation (LLOQ) 
of  low ng/mL was achieved for biotherapeutics such 
as Erbitux, a human:murine chimeric mAb used for the 
treatment of  colorectal cancer [18].  
An alternative approach involves immunocapturing a 
surrogate peptide of  the protein biotherapeutic using an 
anti-peptide antibody after the sample is enzymatically 
digested. This approach was initially developed for quan-
titation of  endogenous peptides and proteins, termed 
Stable Isotope Standards and Capture by Anti-Peptide 
Antibodies (SISCAPA) [19,20]. The peptide-level immu-
nocapture can be carried out either offline [21-27] or on-
line coupled to LC/MS [19,28−32], and has been mostly 
used for protein biomarker analysis
Recently, sequential protein and tryptic peptide immu-
noaffinity LC/MS methodologies have been developed 
for highly specific and sensitive measurements of  human 
β-nerve growth factor (NGF) [33] as well as human and 
monkey interleukin-21 (IL-21) [34]. The workflow in-
cluded offline enrichment of  target protein using a cap-
ture antibody, followed by isolation using magnetic beads, 
trypsin digestion, online enrichment of  tryptic peptides 
derived from target protein using anti-peptide antibod-
ies, and quantification using nanoflow LC-MS/MS. An 
LLOQ as low as 7.03 pg/mL for NGF and 0.78 pg/mL 
for IL-21 was enabled using the sequential immunoaffin-
ity approach. Robotic sample preparation and a robust 
chromatography configuration enabled this technology 
to be used for routine clinical analysis [34].
Here we describe a highly sensitive sequential immunoaf-
finity-LC/MS assay for quantitation of  a protein bio-
therapeutic in monkey plasma. The first immunocapture 
is to capture and isolate the protein drug from monkey 
plasma, followed by tryptic digestion. A unique tryptic 
peptide derived from the drug is then captured in the 

second immunocapture process using an anti-peptide 
Ab for further sample purification. Both the protein and 
peptide immunocapture was performed offline in 96-well 
plates in order to increase throughput as well as repro-
ducibility. Samples are injected onto a microflow-LC/MS 
for quantitation of  the protein using the unique peptide 
as a surrogate.

Materials and methods

Reagent and materials
Drug A is a proprietary experimental biotherapeutic 
protein of  Boehringer Ingelheim Pharmaceuticals, Inc. 
(Ridgefield, CT, USA) and was produced in-house. It was 
recombinant consisting of  3 subunits and containing no 
human Fc, with a molecular weight of  ~39 kDa. Surro-
gate peptides EGVSAIR and YDAVSLEGR, and their 
respective stable isotope labeled internal standards (IS), 
EGVSAI[13C6,

15N4-R] and YDAVSLEG[13C6,
15N4-R], 

were synthesized at Genscript (Piscataway, NJ, USA). 
Mouse monoclonal anti-drug antibody (mAb) 4E12, 
5A5, 5A12, 2A8, 5A1, 4F1, 4B2, and 1D8 were supplied 
in-house. Mouse monoclonal anti-peptide YDAVSLEGR 
antibody 2E12, 4A3, 8B2, 9C2 and 9C10 were produced 
by Genscript. TPCK trypsin and EZ-Link Sulfo-NHS-
LC biotinylation kits were obtained from Thermo Sci-
entific (Rockford, IL, USA). Streptavidin magnetic beads 
(Magnesphere Paramagnetic Particles) were obtained 
from Promega (Madison, WI, USA). Cynomolgus mon-
key plasma was purchased from Bioreclamation (West-
bury, NY, USA). All other lab chemicals, reagents and 
buffer solutions were obtained from Sigma Aldrich 
(St. Louis, MO, USA), Thermo Scientific or Invitrogen 
(Grand Island, NY, USA). 

Generation of  anti-peptide antibody
To boost immune response, the two surrogate peptides, 
EGVSAIR and YDAVSLEGR, were conjugated to key-
hole limpet hemocyanin (KLH) using glutaraldehyde.  
Mice were immunized separately with 50 µg of  the con-
jugated peptides, followed by three boost immunizations 
at two-week intervals. Peptide EGVSAIR did not show 
any immune response after the final boost and was there-
fore discontinued. Cell electrofusion was performed for 
peptide YDAVSLEGR at an average fusion efficiency of  
about one hybridoma per 5000 B cells which gave ap-
proximately 2 x 104 clones. Five positive clones were se-
lected for subcloning. Based on ELISA screening with 
the target peptide, two stable subclonal cell lines of  each 
primary clone were chosen for monoclone cryopreserva-
tion. Antibody production was carried out in roller bot-
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tles and purified by Protein A/G affinity column chro-
matography. The final products were certified by quality 
control, including purity test by SDS-PAGE, concentra-
tion determination by absorption at OD280 nm and an-
tigen reactivity by ELISA.

Biotinylation
Biotinylation of  the mouse monoclonal antibodies 
(mAb) was performed using an EZ-Link SulfoNHS-LC 
biotinylation kit following the vendor instructions. Typ-
ical biotin incorporation was determined to be approxi-
mately 2-7 biotins per mouse mAb molecule. 

Preparation of  standards and quality controls
A stock solution of  drug A was received at a concen-
tration of  10.28 mg/mL. Plasma spiking standards at 
100 and 1 µg/mL were prepared from the stock solu-
tion using blank monkey plasma as a diluent. A series of  
monkey plasma calibration standards ranging from 0.05 
to 100 ng/mL were prepared from the plasma spiking 
standards via serial dilution. Quality control (QC) sam-
ples at 0.15, 15 and 75 ng/mL were also prepared from 
the plasma spiking standards.

Single protein-level immunocapture
A 500 µL aliquot of  monkey plasma sample, 75 µL of  0.1 
mg/mL biotinylated mouse mAb against drug A and 425 
µL of  Tris-buffered saline with 0.1% Tween-20 (TBS-T) 
were added to a 96-deepwell polypropylene plate. The 
plate was incubated at room temperature for 2 hrs. A 40 
µL aliquot of  freshly prepared 5 mg/mL magnetic beads 
solution was added to each sample and the plate was gen-
tly mixed for 1 hr at room temperature. The beads were 
separated via magnet, washed three times with 300 µL of  
TBS-T and once with 300 µL of  water, and then eluted 
with 100 µL of  25 mM HCl on a Kingfisher Flex magnet-
ic bead handler. The eluent was immediately neutralized 
with 20 µL of  1 M Tris-HCl (pH 8.0). A 5 µL aliquot of  
100 mM TCEP in 100 mM ammonium bicarbonate was 
added to each sample and the plate was incubated for 1 
hr at 60°C. Next, 5 µL of  200 mM iodoacetamide in 100 
mM ammonium bicarbonate was added to each sample 
and the plate was incubated for 30 minutes at room tem-
perature in the dark. Five (5) µL of  working internal stan-
dard (1,000 ng/ml in water), 5 µL of  100 mM CaCl2, and 
5 µL of  6 µg/µL trypsin in 50 mM acetic acid were then 
added to each sample.  The plate was incubated overnight 
at 37°C with gentle shaking.  The digestion was quenched 
with 10 µL of  20% formic acid and the plate was centri-
fuged at 3800 rpm for 10 minutes before injection onto 
LC/MS for analysis.

Single peptide-level immunocapture
A 50 µL aliquot of  monkey plasma and 50 µL of  16M 
urea were mixed in a 96-well plate for 30 minutes at room 
temperature.  Fifty (50) µL of  100 mM TCEP in 100 mM 
ammonium bicarbonate was added to each sample and 
the plate was incubated at 60°C for 1 hr with gentle mix-
ing. Next, 50 µL of  200 mM iodoacetamide in 100 mM 
ammonium bicarbonate was added to each sample and 
the plate was incubated for 30 minutes at room tempera-
ture in the dark. A 600 µL aliquot of  trypsin working 
solution (0.2 mg/mL trypsin and 5 µM CaCl2 in 100 mM 
ammonium bicarbonate) was added to each sample for 
overnight digestion at 37°C. On the following day, 40 µL 
of  0.1 mg/mL biotinylated mouse anti-peptide antibody, 
5 µL of  working internal standard solution (1,000 ng/
mL in water) and 160 µL of  TBS-T were added to each 
sample. The plate was incubated at room temperature 
for 2 hrs. A 20 µL aliquot of  freshly prepared 5 mg/mL 
magnetic beads was added to each sample and the plate 
was gently mixed for 1 hr at room temperature. After 
separating and washing the beads, the surrogate peptide 
was eluted from the beads and injected onto LC/MS for 
analysis.  

Sequential immunoaffinity
The sequential immunoaffinity process consisted of  pro-
tein–level immunocapture, trypsin digestion and pep-
tide-level immunocapture in a sequential manner. The 
protein–level immunocapture procedure was same as the 
single protein-level immunocapture procedure described 
above.  Following the overnight plasma digestion, 325 µL 
of  TBS-T, 5 µL of  working internal standard solution 
(1000 ng/mL in water) and 30 µL of  0.1 mg/mL bioti-
nylated mouse anti-peptide antibody were added to each 
sample. The plate was then incubated at room tempera-
ture for 2 hrs. A 10 µL aliquot of  freshly prepared 5 mg/
mL magnetic beads was added to each sample and the 
plate was gently mixed for 1 hr at room temperature. Af-
ter separating and washing the beads, the surrogate pep-
tide was eluted from the beads and injected onto LC/MS 
for analysis.  

LC/MS analysis
An Eksigent Ekspert MicroLC 200 coupled with an AB 
Sciex 6500 triple quadrupole mass spectrometer (AB Sci-
ex, Framingham, MA, USA) was used. Chromatographic 
separation was performed using an Acquity Peptide BEH 
C18 column (1 mm x 50 mm, 1.7 µm, 300Å) operated 
at 60°C. Mobile phases consisted of  (A) 0.1% formic 
acid and (B) 0.1% formic acid in acetonitrile running at 
a flow rate of  60 µL/min. The LC gradient was held at 
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5% B for 1 minute and then raised to 30% B over 2.75 
minutes. The column was then washed with 95% B for 
1.25 minutes and re-equilibrated for 1 minute before the 
next injection. The mass spectrometer was operated in 
positive electrospray ionization mode. Key instrument 
parameters were: +5500 V electrospray voltage, 50 neb-
ulizer gas units, 30 axillary gas units, 375°C ion source 
temperature, 8 collision gas units, and unit resolution on 
both Q1 and Q3. Multiple-reaction-monitoring (MRM) 
with parent-to-product ion transitions 366.2 → 446.2 for 
EGVSAIR, 371.2 → 456.2 for EGVSAI[13C6,

15N4-R], 
505.1 → 561.3 for YDAVSLEGR, and 510.1 → 571.3 
for YDAVSLEG[13C6,

15N4-R] were used. For identifying 
the surrogate tryptic peptides of  drug A, a 10 µg/mL 
aqueous solution was digested and analyzed by LC/MS 
using information-dependent acquisition (IDA).

Assay qualification 
Assay qualification involved testing several key parame-
ters including accuracy, precision, and specificity, and was 
intended to establish confidence in assay performance 
for potential further assay validation according to Good 
Laboratory Practice (GLP). The drug A plasma calibrant 
concentrations were 100, 80, 50, 10, 5, 1, 0.5, 0.1 and 0.05 
ng/mL. The calibration curve, including a blank (con-
taining no drug) and a double blank (no drug, no internal 
standard), was analyzed in duplicate. QC samples forti-
fied with 0.15 (low), 15 (medium), and 75 (high) ng/mL 
drug in cynomolgus plasma were tested using 4 replicates 
at each level in 2 separate batches run on different days. 
EGVSAIR was used as the surrogate peptide for quan-
tification of  drug A with the single protein-level immu-
nocapture procedure, while YDAVSLEGR was used for 
quantitation with the single peptide-level immunocapture 
procedure and the sequential immunoaffinity procedure. 

Results and discussion
Drug A was an experimental therapeutic protein intend-
ed to be given to humans via intra-vitreal injection. A 
cynomolgus monkey pharmacokinetic (PK) study was 
conducted with an intra-vitreal dose of  0.25 mg drug A 
per eye. Vitreous humor, aqueous humor, retina tissue 
and plasma samples were collected for the determination 
of  drug levels in these matrices. It was expected that the 
drug would stay primarily in the eyes and slowly distribute 
to blood circulation. As such, plasma drug levels would 
be very low and a sensitive bioanalytical PK assay with a 
lower limit of  quantitation (LLOQ) of  ≤ 100 pg/mL was 
needed in order to measure the plasma drug levels. 
The goal of  the present work was to develop an immu-
nocapture-LC/MS assay with an LLOQ of  ≤ 100 pg/
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mL to support the monkey PK ocular study. A stepwise 
approach was implemented for the assay development, 
in which three different immunocapture approaches, 
namely protein level only, peptide level only and sequen-
tial immunoaffinity (protein level and peptide level), were 
developed sequentially. 
For a therapeutic protein larger than 10 kDa, direct quan-
titation of  the whole protein by LC/MS may not be 
sensitive enough to support various drug discovery and 
development programs. Instead, quantitation is usually 
based on surrogate peptide(s) derived from the protein 
via digestion [7-9]. Most quantitation is performed on 
triple quadrupole (QQQ) or hybrid quadrupole time-
of-flight (qTOF) mass spectrometers coupled with liq-
uid chromatography using multi-reaction-monitoring 
(MRM) of  surrogate peptide(s) [8]. As drug A had a mo-
lecular weight about 39 kDa, quantitation via surrogate 
peptide(s) was chosen for developing the sensitive immu-
nocapture-LC/MS assay. The selection of  drug A surro-
gate peptides involved several steps. First, in silico trypsin 
digestion of  drug A was performed to generate a list of  
potential peptide candidates. Peptide size was limited to 6 
to 20 amino acid residues which was found to be the right 
balance between assay specificity/selectivity and sensitiv-
ity [35-37]. In addition, the surrogate peptides should 
not contain methionine which can be prone to oxidation. 
The surrogate tryptic peptides must be unique to drug A 
and should not be produced from sample matrix, even 
though most matrix components would be removed by 
immunocapture purification. A database alignment of  
the amino acid sequences of  drug A was performed us-
ing Blast (Basic Local Alignment Search Tool) [38]. Vi-
sual assessment of  endogenous monkey plasma protein 
matches enabled the unique regions to be confirmed. 
Seven peptides were found to meet these criteria. 
Trypsin digestion of  10 µg/mL drug A in phosphate 
buffer was performed to verify which of  those peptides 
were indeed formed and detected by LC/MS. Among 
these 7 peptides predicted in silico, 6 were formed via 
the neat solution digestion. Peptides EGVSAIR and 
YDAVSLEGR were the most sensitive with MRM par-
ent-to-product 366.220 (2+) → 446.235 and 505.131 
(2+) → 561.300, respectively. These two peptides were 
taken into further method development including immu-
nocapture efficiency assessment and LC/MS optimiza-
tion as discussed later on.  

Micro-LC/MS with MRM detection
In the past two decades, LC/MS has become the most 
widely used bioanalytical technology in support of  drug 
research and development. Electrospray ionization (ESI) 
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both quadrupoles (Q1 and Q3) were used to minimize 
the interference peaks while not sacrificing instrument 
sensitivity. 
For comparison, we also developed an LC/MS assay 
using a conventional Waters UPLC system coupled to 
the same QTRAP 6500 mass spectrometer. The UPLC 
method consisted of  a gradient from 95-80% mobile 
phase A (0.1% formic acid in water) over 2 minutes and 
then 80-5% mobile phase A over another 0.5 minutes.  
The flow was held at 5% mobile phase A for 1.5 minutes 
followed by a 1 minute re-equilibration for a 5 minute 
total run time. The separation was performed on a re-
versed-phase Waters BEH C18 column (2.1 x 50 mm, 1.7 
µm) at a flowrate of  0.3 mL/min. Upon injection of  10 
pg each EGVSAIR and YDAVSLEGR on column, the 
micro-LC/MSMS system yielded approximately ~33x 
improvement in S/N for both peptides over the conven-
tional UPLC-MS system.  

Protein-level only immunocapture-LC/MS assay
LC/MS-based quantitation usually requires the use of  IS 
to compensate for variability during sample preparation 
and LC/MS analysis. Ideally, a stable isotope-labeled ver-
sion of  analyte should be used as IS since it can track the 
analyte very closely in each step throughout the assay. For 
quantitation of  small molecules, stable isotope-labeled 
IS are routinely used as they can be easily synthesized. 
Although stable isotope-labeled IS should be also used 
for protein analysis [47], such IS is usually not available. 
However, a rich body of  literature has demonstrated that 
as long as validation tests demonstrate that the assay is 
reproducible and robust, there was no preference for the 
type of  internal standard, such as stable isotope-labeled 
surrogate peptide, used for protein quantitation [48]. In 
this study, stable labeled peptides were used as IS.
The general workflow of  the protein-level only immuno-
capture-LC/MS assay consisted of  6 steps: immunocap-
ture, immobilization on beads, wash, elution, digestion 
and LC/MS detection (Figure 1). To achieve a maximal 
sensitivity, a large amount (500 µL) of  monkey plasma was 
used. It should be noted that although this should not be 
an issue for human, monkey, dog or other large animals, 
the use of  such a large amount of  sample was impractical 
for smaller animals such as rodents. Stable isotope labeled 
IS, EGVSAI[13C6,

15N4-R] and YDAVSLEG[13C6,
15N4-R] , 

were added to the sample prior to overnight trypsin di-
gestion. We compared digestion with and without prior 
denaturation in the presence of  8M urea and found that 
both gave similar LC/MS responses. As such, denatur-
ation was not implemented in the assay. After quench-
ing digestion with formic acid, the samples were injected 

[39] serves as a major interface between LC and MS. It 
is well understood that a greater sensitivity can be gained 
at reduced LC flow rate in ESI, particularly for macro-
molecules such as proteins [40,41]. Higher sensitivity and 
lower background has been largely realized by introduc-
ing miniaturization approaches into LC systems [42, 43]. 
Nano-flow LC/MS is popular for proteomic studies ow-
ing to its high sensitivity and drastically reduced sample 
volume consumption [44]. Micro-flow LC/MS can reach 
an optimal balance of  sensitivity, throughput, and sam-
ple consumption, making it quite appealing and easy to 
adopt for bioanalytical laboratories [45]. It was reported 
that micro-LC/MS yielded a more than 14 x S/N im-
provement for analysis of  methotrexate in human plasma 
when compared with the same method with the use of  
conventional HPLC–MS/MS [46]. Furthermore, the mi-
cro-LC/MS method was demonstrated to be as accurate 
and precise as the HPLC–MS/MS method. 
For the LC/MS method development, we used an Eksi-
gent Ekspert micro-LC 200 system, which operated at 
pressures up to 10000 psi and a flow rate of  5-200 μL/
min. LC separation was performed on a reversed-phase 
Waters BEH C18 column (1 x 50 mm, 1.7 µm). A shallow 
gradient, 95-70% mobile phase A (0.1% formic acid) in 
3.75 min at 60 µL/min, was employed. Sample injection 
volume was 10 µL, which despite being relatively large 
for micro-LC system still gave a very good peak. Ade-
quate separation of  the two peptides from background 
interference peaks was achieved under these LC condi-
tions. The LC retention time was 2.88 min for EGVSAIR 
and 3.55 min for YDAVSLEGR. At the end of  the gra-
dient, the column was washed for 1 min at 95% B (0.1% 
formic acid in acetonitrile) to remove potential residues 
from previous samples. This washing step was found to 
be necessary in order to increase the assay reproducibility 
and robustness. The total run time was 6 minutes per 
sample, which presented a reasonable throughput. 
To achieve maximal sensitivity, the Eskigent micro LC 
200 system was coupled to a Sciex QTRAP 6500 triple 
quadrupole system. The LC/MS system was operated in 
positive ESI mode and optimized for the detection of  
peptides EGVSAIR and YDAVSLEGR. Parent-to-prod-
uct ion pairs were optimized for the MRM detection. 
Both peptides were mostly doubly charged in ESI and 
cleaved to singly charged product ions upon collision ac-
tivation. Product ions with m/z values higher than their 
respective parent ions were chosen so that any singly 
charged interferences would be eliminated from the de-
tection. The most sensitive parent-to-product ion tran-
sition was 366.2 → 446.2 for EGVSAIR and 505.1 → 
561.3 for YDAVSLEGR. Mid-resolution settings on 
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onto the micro-LC/MS system for analysis. To achieve 
a high throughput, the experiments were carried out in 
96-well plates and a KingFisher Flex system was used to 
automate all the magnetic bead handling steps. 
Eight mouse mAbs against drug A, 4E12, 5A5, 5A12, 
2A8, 5A1, 4F1, 4B2, and 1D8, were tested for pro-
tein-level immunocapture. Five µL of  1 µg/µL mAb 
solution was added to 500 µL of  50 ng/mL neat drug 
A buffer solution and the sample was processed and as-
sayed following the protein-level immunocapture-LC/
MS procedures. The resultant LC/MS peak areas of  the 
surrogate peptides EGVSAIR and YDAVSLEGR were 
used to evaluate immunocapture efficiency. All of  the 8 
mouse mAb were found to be able to capture drug A at 
different degrees. Capture antibody 4E12 gave the high-
est LC/MS response for both EGVSAIR (13900 peak 
area) and YDAVSLEGR (6290), representing the best 
immunocapture efficiency. Furthermore, the specificity/
selectivity of  the mAb was assessed using blank monkey 
plasma processed following the immunocapture proce-
dures using the 8 different mAb as the immunocapture 
reagent. The LC/MS chromatograms showed small in-
terference peaks at retention times of  interest for both 
EGVSAIR and YDAVSLEGR with all of  the 8 mAbs. 
The least interference was seen from 4E12 (Figure 2a,c) 
with peak heights of  511 and 1570 counts per seconds 
(cps) and peak area counts of  1070 and 7100 for EGV-

SAIR and YDAVSLEGR, respectively. Although the 2 
peptides should not be produced from endogenous pro-
teins in monkey plasma based on the BLAST search, any 
matrix residue on the magnetic beads might be carried 
over through digestion and contribute to the background 
responses. With the presence of  the interferences, the at-
tainable LLOQ was 1.0 ng/mL for EGVSAIR and 5.0 
ng/mL for YDAVSLEGR using mAb 4E12 as the immu-
nocapture reagent (Figure 2b,d), which were higher than 
the 100 pg/mL LLOQ required.

Peptide-level only immunocapture-LC/MS assay
Similar to the protein-level immunocapture, the peptide 
immunocapture approach relied on quality anti-peptide 
Ab. To produce anti-peptide Ab, ten mice were immu-
nized with peptides EGVSAIR and another ten were 
immunized with YDAVSLEGR. The peptides were con-
jugated to keyhole limpet hemocyanin (KLH) to boost 
immune-response. While peptide YDAVSLEGR was 
highly immunogenic, peptide EGVSAIR did not elicit 
any immune-response after a primary immunization and 
subsequent 3 boost injections. Therefore, only peptide 
YDAVSLEGR was suitable for the peptide-level immu-
nocapture approach. Among the 10 mice immunized with 
YDAVSLEGR, 5 produced Ab with reasonable affinities 
in an ELISA test. These 5 Abs (2E12, 4A3, 8B2, 9C2 
and 9C10) were then biotinylated, spiked to 100 µl of  a 
500 ng/mL YDAVSLEGR buffer solution, and carried 
through the peptide-level immunocapture-LC/MS assay 
to assess their immunocapture efficiency. Compared to 
the starting amount of  the peptide, 49.3% - 84.0% pep-
tide were recovered through the immunocapture process 
with 9C10 being the highest while 4A3 being the lowest. 
Thus, 9C10 was chosen as the peptide-level capture re-
agent.
The peptide-level only immunocapture was performed 
after direct crude monkey plasma digestion (Figure 1). 
Plasma is a very complex matrix that contains several 
hundreds of  thousands of  proteins in a wide concentra-
tion range [49]. The total concentration of  plasma pro-
teins is approximately 60-80 mg/mL, with albumin and 
globulins being the most abundant. In consideration of  
such high amounts of  endogenous proteins, only 50 µL 
plasma was used, which was also manageable in 96-well 
plate format. Using more plasma sample could yield a 
lower LLOQ but was not practical due to limitation of  
the plate well capacity. Furthermore, it was found that 
using a larger amount of  plasma produced a large and 
irregular amount of  precipitation which resulted in poor 
reproducibility. The IS (labeled YDAVSLEGR) was add-
ed prior to the peptide immunocapture step so that it 
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Figure 1. Flow diagrams of  the three different immunocap-
ture-LC/MS assays: protein-level only immunocapture-LC/
MS assay (left plus upper right shaded areas), peptide-level only 
immunocapture-LC/MS assay (left and bottom right shaded 
areas), and double immunocapture-LC/MS assay (all three 
shaded areas).



tracked the immunocapture step in addition to the down-
stream sample preparation and LC/MS analysis.
A typical LC/MS chromatogram of  blank monkey plas-
ma processed with the peptide-level immunocapture 
was shown in Figure 3a. A minor interference peak 
(50 cps) was observed at the retention time of  peptide 
YDAVSLEGR. Compared to the protein-level immu-
nocapture, the interference peak was much smaller. The 
assay dynamic range was 5 – 500 ng/mL with an LLOQ 
of  5 ng/mL and r2 = 0.9982. The LLOQ using peptide 
YDAVSLEGR as surrogate was the same as that from 
the protein-level immunocapture, even though only 
one-tenth of  sample volume was used. Same as the pro-
tein-level only immunocapture, the peptide-level only im-
munocapture did not provide the required LLOQ of  ≤ 
100 pg/mL.  

Sequential immunoaffinity-LC/MS assay
Since neither the protein-level only nor the peptide-level 
only immunocapture approach was able to provide the 
required assay sensitivity, our next attempt was to im-
plement the two immunocapture processes in one assay. 
Figure 1 illustrates the sequential immunoaffinity work-
flow. Aliquots of  500 µL monkey plasma were used in the 
protein-level immunocapture. After capture, separation 
and enrichment from plasma at the protein-level using 

Ab 4E12 and streptavidin magnetic beads, drug A was 
digested overnight. The IS, YDAVSLEG[13C6,

15N4-R], 
was added after the protein immunocapture and prior 
to digestion. The resulting peptide YDAVSLEGR along 
with the IS were captured using Ab 9C10, bound to mag-
netic beads and separated from matrix prior to LC/MS 
analysis. 
The sequential immunoaffinity-LC/MS assay was opti-
mized for magnetic bead type and amount as well as Ab 
amount at both the protein and peptide-level immuno-
capture. Two popular magnetic beads brands, Promega 
MagneSphere and Pierce Streptavidin, were tested. It was 
found that the Promega MagneSphere beads (1 µm dia) 
had the higher capacity and also resulted in less interfer-
ence for both protein and peptide immunocapture. The 
optimal bead amount was 200 µg for the protein immu-
nocapture and 50 µg for the peptide immunocapture. 
Likewise, the optimal Ab amount was 7.5 µg of  Ab 4E12 
for the protein immunocapture and 3 µg of  Ab 9C10 for 
the peptide immunocapture.
Magnetic beads have large porous surfaces and are sub-
ject to nonspecific binding. A small amount of  endoge-
nous matrix components bound to the beads via nonspe-
cific binding could interfere with the assay [50] if  carried 
further onto digestion. To remove residual matrix, the 
beads were washed three times with 300 µL of  TBS-T 
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Figure 2. Extracted ion chromatograms of  surrogate peptides EGVSAIR MRM transition 366.2 [M+2H]2+ → 446.2 (y4) and 
YDAVSLEGR MRM transition 501.1 [M+2H]2+ → 561.3 (y5) from blank monkey plasma (a, c) and LLOQ monkey plasma stan-
dards (b, d) from protein-level only immunocapture-LC/MS/MS assay with mouse mAb 4E12 as immunocapture reagent. Peaks 
at surrogate peptide retention times are integrated.



tion time of  peptide YDAVSLEGR. In comparison, con-
siderable interference peaks were seen in the protein-lev-
el only immunocapture. Ten additional different lots of  
blank monkey plasma were tested and interferences in all 
lots were negligible. The achieved sensitivity is shown in 
Figure 4b, which displays the extracted ion chromato-
grams of  the 50 pg/mL LLOQ drug A monkey plasma 
standard.
Assay linearity, accuracy and precision were assessed us-
ing plasma calibration standards and QC samples. Two 
batches were run on two different days to assess in-
tra-batch (or intraday) and inter-batch (or inter-day) vari-
ability. Each curve was injected at the beginning and the 
end of  each batch with 4 replicates of  QC sets (low QC 
0.15 ng/mL, medium QC 15 ng/mL and high QC 75 ng/
mL QCs per set) in-between. A typical calibration curve 
obtained during assay qualification is shown in Figure 5. 
The assay dynamic linear range was examined by using 
peptide YDAVSLEGR/IS peak area ratios of  nine cal-
ibration standards and applying a weighted (1/concen-
tration2) least-squares linear regression. The assay linear 
range was determined to be 50 pg/mL – 100 ng/mL with 
r2 = 0.982. At the 50 pg/mL LLOQ plasma standard, 
peptide YDAVSLEGR peak height and area were 292 
cps and 777, respectively. Mean back-calculated calibra-
tion standards were within ±15% of  nominal values at 
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and once with 300 µL of  water. After washing, the cap-
tured protein or peptide was eluted using 100 µL of  25 
mM HCl. Under these acidic conditions, the antibody–
antigen bond (dissociation constant Kd ~10-10 M) was 
cleaved and the captured protein or peptide was then 
released. On the other hand, the biotinylated capture 
antibodies 4E12 and 9C10 were bound to the beads via 
streptavidin–biotin interaction which has a higher affinity 
(Kd ~10-15 M) and should not be cleaved. 
It was labor intensive to transfer magnetic beads from 
plate to plate manually using a pipette and a magnetic 
block. Both immunocapture processes were thus per-
formed in 96-well plates using a KingFisher Flex mag-
netic bead handler. The KingFisher Flex system not only 
automated the labor-intensive bead handling processes, 
but also gave better precision and accuracy compared to 
manual operation.
The assay produced an LLOQ of  50 pg/mL using 500 
μL of  plasma, which was 100x more sensitive than ei-
ther the protein-level only or peptide-level only immu-
nocapture with peptide YDAVSLEGR as the surrogate. 
Two major factors contributed to the assay sensitivity 
improvement. The starting plasma volume was 500 μL, 
same as for the protein-level only immunocapture but 
10x more than for the peptide-level only immunocapture. 
The larger sample volume allowed for concentration of  
the final sample and an increase in sensitivity of  the as-
say. The other factor was the reduced matrix interference. 
In the blank monkey plasma chromatogram (Figure 4a), 
nearly no interference peaks were observed at the reten-

Figure 3. Extracted ion chromatograms of  surrogate peptide 
YDAVSLEGR MRM transition 501.1 [M+2H]2+ → 561.3 (y5) 
from blank monkey plasma (a) and LLOQ monkey plasma 
standard at 5 ng/mL (b) from peptide-level only immunocap-
ture-LC/MS/MS assay with mouse mAb 9C10 as immunocap-
ture reagent.

Figure 4. Extracted ion chromatograms of  surrogate peptide 
YDAVSLEGR MRM transition 501.1 [M+2H]2+ → 561.3 (y5) 
from blank monkey plasma (a) and LLOQ monkey plasma 
standard at 50 pg/mL (b) from double immunocapture-LC/
MS/MS assay.



jecting a reagent blank immediately after the upper lim-
it of  quantitation (HLOQ) plasma standard at 100 ng/
mL, was 88% when compared to the LLOQ. After three 
consecutive injections of  the reagent blank, the carryover 
was reduced to 18%. Special care should be taken to limit 
the impact of  carryover by adding extra wash injections 
following high concentration samples and also by assay-
ing samples in order of  lower to higher concentration 
when possible.

Conclusions
Although immunocapture at either protein level or pep-
tide level effectively removes biological matrix such as 
plasma and significantly improves LC/MS assay sensi-
tivity, trace amounts of  matrix components still survive 
the purification process and limit sensitivity gains. For 
quantitation of  the biotherapeutic protein drug A (~39 
kDa), matrix interference was observed in both the pro-
tein-level and peptide-level single immunocapture assay, 
more prominently for the protein-level immunocapture 
assay. The achievable LLOQ was 1 ng/mL for the pro-
tein-level single immunocapture assay (using peptide 
EGVSAIR as quantitation surrogate), and 5 ng/mL 
for the peptide-level single immunocapture assay (using 
peptide YDAVSLEGR as quantitation surrogate). The 
matrix interference was almost completely removed by 
implementing both the protein-level and peptide-level 
immunocapture in a sequential immunoaffinity-LC/MS 
assay. Compared to the peptide-level immunocapture, se-
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all levels and CVs (coefficients of  variation) were with-
in 20% (data not shown). Summary statistics of  intra- 
and inter-batch precision and accuracy of  QC samples is 
presented in Table 1. Accuracies of  the QCs (% relative 
errors) were within ±20%, and CVs were within 20%, 
which were within the criteria for assay acceptance. Drug 
A was previously determined using a different assay to be 
stable to up to at least 5 repeated freeze/thaw cycles, 24 
hours on the benchtop at room temperature, and stable 
at least 1 year in -80 degree freezer in monkey plasma 
[data not shown]. Carryover, which was assessed by in-

Figure 5. Representative calibration curve of  double immuno-
capture-LC/MS/MS monkey plasma assay.

Table 1. Summary statistics of  intra- and inter-batch accuracy and precision of  double immunocapture-LC/MS monkey 
plasma  assay.

QC low QC medium QC high
0.150 ng/mL 15.0 ng/mL 75.0 ng/mL

Batch 1 2 1 2 1 2
Intra-batch summary statistics

Mean 0.138 0.143 16.2 15.2 87.3 79.9
SDa 0.013 0.025 1.2 1.1 5.9 9.9
% CVb 9.7 17.6 7.4 7.0 6.8 12.3
% REc -8.0 -4.5 7.8 1.5 16.4 6.5
n 4 4 4 4 4 4

Inter-batch summary statistics
Mean 0.141

0.019
13.5
-6.3
8

15.7
1.2
7.4
4.7
8

83.6
8.5
10.2
11.4

8

SD
% CV
% RE
n
aStandard deviation.  bCoefficient of  variation.  cRelative error.
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quential immunoaffinity enabled the use of  a much larger 
amount of  plasma (500 µL) which resulted in 100x high-
er assay sensitivity. The bead-based sample preparation 
allows the antibody capture step to be done in parallel 
in 96-well plates for multiple samples using a KingFish-
er Flex automated magnetic beads handler, resulting in 
a relatively high throughput. The sequential immunoaf-
finity assay achieved an LLOQ of  50 pg/mL and a wide 
dynamic range (50 pg/mL – 100 ng/mL). The assay sen-
sitivity met the LLOQ requirement (≤ 100 pg/mL) in 
support of  monkey ocular studies in which drug A plas-
ma level was expected to be very low. Albeit the success 
of  this sequential immunoaffinity approach, generation 
of  anti-peptide Ab could be a limiting factor. Some small 
peptides may not be immunogenic and do not elicit im-
mune-response in mice or other animals. In this study, 
only one of  the two most sensitive surrogate peptides 
was immunogenic and able to produce Ab in mice after 4 
injections with drug A.
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