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Introduction

A major portion of biopharmaceuticals today are produced by 
recombinant DNA-technology using a well-selected host cell sys-
tem. Host cells express a large number of their own proteins that 
can easily contaminate the recombinant protein drug. Even after 
sophisticated purifications steps, low levels (1–100 ppm) of host 
cell proteins (HCPs) may still remain in the final purified bio-
pharmaceutical. Because HCPs can sometimes elicit an immu-
nogenic response, regulatory guidelines mandate that they are 
identified and quantified in order to protect patient safety.1

Assays for identification and quantification of host-cell proteins (HCPs) in biotherapeutic proteins over 5 orders of 
magnitude in concentration are presented. The HCP assays consist of two types: HCP identification using comprehensive 
online two-dimensional liquid chromatography coupled with high resolution mass spectrometry (2D-LC/MS), followed 
by high-throughput HCP quantification by liquid chromatography, multiple reaction monitoring (LC-MRM). The former 
is described as a “discovery” assay, the latter as a “monitoring” assay. Purified biotherapeutic proteins (e.g., monoclonal 
antibodies) were digested with trypsin after reduction and alkylation, and the digests were fractionated using reversed-
phase (RP) chromatography at high pH (pH 10) by a step gradient in the first dimension, followed by a high-resolution 
separation at low pH (pH 2.5) in the second dimension. As peptides eluted from the second dimension, a quadrupole 
time-of-flight mass spectrometer was used to detect the peptides and their fragments simultaneously by alternating the 
collision cell energy between a low and an elevated energy (MSE methodology). The MSE data was used to identify and 
quantify the proteins in the mixture using a proven label-free quantification technique (“Hi3” method). The same data 
set was mined to subsequently develop target peptides and transitions for monitoring the concentration of selected 
HCPs on a triple quadrupole mass spectrometer in a high-throughput manner (20 min LC-MRM analysis). This analytical 
methodology was applied to the identification and quantification of low-abundance HCPs in six samples of PTG1, a 
recombinant chimeric anti-phosphotyrosine monoclonal antibody (mAb). Thirty three HCPs were identified in total 
from the PTG1 samples among which 21 HCP isoforms were selected for MRM monitoring. The absolute quantification 
of three selected HCPs was undertaken on two different LC-MRM platforms after spiking isotopically labeled peptides 
in the samples. Finally, the MRM quantitation results were compared with TOF-based quantification based on the Hi3 
peptides, and the TOF and MRM data sets correlated reasonably well. The results show that the assays provide detailed 
valuable information to understand the relative contributions of purification schemes to the nature and concentrations 
of HCP impurities in biopharmaceutical samples, and the assays can be used as generic methods for HCP analysis in the 
biopharmaceutical industry.
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The presence of HCPs in protein drugs may determine 
whether the biopharmaceutical is accepted or not by the regu-
latory agencies. For example, in 2008 the European Medicines 
Agency approved a recombinant form of human somatropin only 
after the manufacturer added additional purification steps for 
removal of the HCPs responsible for immunogenic response in 
patients.2 The same agency rejected an interferon biosimilar in 
2006 because of insufficient validation for immunogenicity test-
ing.3 As the patents for the first generation of approved biophar-
maceuticals have either expired or are about to expire, giving way 
to emerging biosimilar therapeutics, more biopharmaceutical 
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or sample concentration so that the samples could be re-injected 
onto the 2nd dimension RP column. In comparison with the off-
line fractionation approach, the online (automated) fractionation 
approach recently reported for nanoscale separations37 appears 
to be a better alternative because it has the benefits of higher 
throughput, less sample loss and better reproducibility. Recently, 
online 2D-LC configurations using high-pH RP/low-pH RP (or 
vice versa) for peptide fractionation on an analytical scale col-
umns (2.1 or 4.6 mm ID) have also been reported in references 
38 and 39. While these reports confirm the advantages of online 
comprehensive multidimensional chromatography, their utility 
for the analysis of complex protein samples is limited due to the 
larger amount of sample required for LC/MS analysis.

In this work, we introduce an online two dimensional cap-
illary scale LC setup (0.3 mm ID) for comprehensive peptide 
separations using high-pH RP/low-pH RP. We evaluated the 
chromatography and MS performance of this setup for analy-
sis of complex peptide mixtures (protein digests), and applied 
this method to the analysis of host-cell protein impurities in 
monoclonal antibody (mAb) preparations. Subsequently, a fast, 
quantitative LC-MRM assay was developed for a flexible, rapid, 
high-throughput monitoring and for the quantification of HCPs 
from various mAb samples derived from different cell lines and 
purification protocols. The final objective of the current study 
was to develop a generic method for the identification and quan-
tification of HCPs in any biopharmaceutical.

Results

Chromatographic performance of the high-pH/low-pH 2D-LC 
system for peptide separation. Figure 1 shows the fluidic con-
figuration of the online setup for 2D-LC fractionation of pep-
tide samples. During the sample loading step (Fig. 1A), peptide 
samples are loaded and retained on a reversed-phase XBridge col-
umn designed to withstand high pH mobile-phase conditions. 
After the sample loading step (15 min), the first fraction of pep-
tides is eluted (Fig. 1B) from the XBridge column by slightly 
increasing the ACN percentage of the Eluent B (pure ACN) 
of the first chromatographic dimension. The elution step takes 
15 min and the eluent (containing peptides) is automatically 
diluted by 10-fold with 0.1% TFA (pH 2.1) aqueous solution. 
This online dilution reduces the organic solvent percentage in 
the eluent and decreases the pH of the mobile phase to about 
2.2, such that all the peptides eluted from the first dimension 
can be effectively retained again on the trap column. At the end 
of the trapping step as shown in Figure 1C, peptides retained 
on the trap column are back-flushed onto the analytical column 
where a high-resolution RP separation is undertaken at pH 2.3. 
The low-pH high-resolution separation is performed at relatively 
high temperature (65°C) to shorten the analysis time in the sec-
ond dimension and to improve the chromatographic peak shapes 
of proline/proline containing peptides.40,41 Although the sepa-
ration at low-pH was performed under sub-optimal conditions  
(12 μL/min flow rate and 65°C column temperature), the data 
provided in Figure S1 demonstrates that the average peak capac-
ity (PC ~ 160) decreased only about 15% in comparison with the 

companies have become interested in HCPs analysis in recent 
years.4

All analytical methods for measuring HCPs face significant 
challenges due to the wide dynamic range of the protein con-
centration (4 to 5 orders of magnitude). Analytical methods 
used for measuring HCP have not drastically changed over the 
past 10–15 y.5-7 The most popular methods are process-specific 
enzyme linked immunosorbent assays (ELISAs) and protein 
gel blots.8-11 Both methods require prior knowledge regarding 
the nature of HCP contaminants. In addition, process specific 
immunoassays8-11 are time consuming (e.g., 6 mo) and expensive 
to develop (>$100K), and may produce misleading results due 
to antibody cross-reactivity.9 ELISA assays are not easily adapted 
to fully evaluate biopharmaceutical products from different cell 
types and purification schemes. The generic ELISA kits that are 
commercially available for monitoring HCPs are less specific than 
the process specific immunoassays, and do not offer complete 
coverage for all the HCPs present in a sample. Other techniques 
such as two-dimensional gel electrophoresis coupled to fluores-
cent staining12,13 is only semi-quantitative, has a limited dynamic 
range (3 to 4 orders of magnitude), and requires additional tech-
niques (e.g., mass spectrometry) for HCP identification.

As a universal detection technique, mass spectrometry (MS) 
has some advantages over the current HCP methods to identify 
all possible existing HCPs in a biopharmaceutical sample. When 
coupled to chromatographic separations, MS is routinely used 
for characterization of therapeutic proteins14-17 and in proteomics 
and biomarker discovery arenas for identification of low-abun-
dance proteins across a dynamic range of 3–4 orders of magni-
tude in a variety of samples.18,19 The combination of MS with 
two-dimensional gel electrophoresis has recently been applied for 
the identification of host-cell proteins co-purified with recom-
binant monoclonal antibodies20 and with apolipoprotein A-I.21 
In addition, two recent reports describe the use of SELDI-TOF 
MS22,23 and SDS-PAGE followed by 1D LC/MS/MS23 for screen-
ing22 and identification of HCPs23 from purified recombinant 
proteins. However, there are no known literature reports demon-
strating the utility of LC/MS for comprehensive HCP analysis in 
biopharmaceuticals.

One dimensional chromatographic separation typically 
has a limited dynamic range of about 3 orders of magnitude.24 
Multidimensional chromatographic separations, however, permit 
the first dimension column to be overloaded, allowing the over-
all dynamic range of the analysis to be increased to reach the 
concentration range of 1–100 ppm for the detection of HCPs. 
For peptide separations, widely practiced two dimensional chro-
matography (2D-LC) separation schemes are based on the cou-
pling of strong cation exchange (SCX) chromatography in the 
first dimension with low-pH reversed-phase (RP) 25 separation in 
the second dimension. In recent years, a different 2D-LC meth-
odology has been developed, based on the RP separation under 
basic pH (pH 10) conditions in the first dimension and a low-pH 
RP separation in the second dimension.26-39 In all reported work 
using capillary chromatography (e.g., 300 μm ID columns),26-36 
the first LC dimension was operated in an off-line mode using 
fraction collection, followed by excess organic solvent evaporation 
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T49/50 peptide from BSA (DAIPENLPPLTADFAEDKDVCK, 
monoisotopic mass [MH

3
]3+: 820.06, Fig. 2A) and the T43 pep-

tide from ENL protein (VNQIGTLSESIK, monoisotopic mass 
of [MH

2
]2+: 644.86, Fig. 2B) from the second dimension (low-

pH) separations in four consecutive injections (experiments). In 
each experiment, a 5-step fractionation using 10.8, 12.4, 15.4, 

values from the normal separation conditions (4 μl/min flow rate 
and 35°C column temperature).

A critical chromatographic parameter in multidimensional 
chromatographic separations is the reproducibility of pep-
tide fractionation during an extended period of operation. 
This is illustrated by the extracted mass chromatograms of the 

Figure 1. Fluidic configuration of the 2-dimensional chromatography with online dilution: (A) sample loading; (B) peptide fractionation using the 
first chromatographic dimension (high pH reversed-phase), and peptide trapping; (C) peptide separation in the second dimension (low pH reversed-
phase).
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Figure 2. For figure legend, see page 28.
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5C), and is clearly resolved from the background signals with 
10-step fractionation (Fig. 5D). Interestingly, with the 10-step 
2D-LC separation, the ion counts for the summed ESI-MS signal 
intensity of T43 peptide in the presence of E. coli digest back-
ground is about 85% of the summed ESI-MS intensity of the 
same peptide from a purified sample containing just MIX-4 pro-
teins (Fig. 5E).

Identification and quantification of HCPs from a mono-
clonal antibody. Six PTG1 mAb samples were analyzed using 
the 2D-LC/MSE method to identify the HCPs present in each 
sample, and to understand the contribution of different cell lines 
and purification schemes to the final HCP composition in bio-
pharmaceuticals. Tryptic digests from each of the PTG1 samples 
were fractionated using only the 10-step fractionation protocol, 
and MSE data were collected for each fraction during the second 
dimension separations. The 2D-LC/MSE experiments were per-
formed in triplicate for each PTG1 sample.

Table 1 lists 33 HCPs that were identified in total from the six 
PTG1 samples. Detailed information regarding the sample and 
HCP composition is summarized in Table S3. Each of the HCPs 
in Table 1 was identified in at least 2 of 3 replicates. In addition, 
four of the five spiked proteins (LA, PHO, ADH and BSA) were 
identified in all mAb digests. ENL, which has the lowest concen-
tration among all the spiked proteins, was not identified in any 
PTG1 sample, but was identified in Sample I.

It has been reported that the concentration of a protein in a 
complex mixture can be estimated using the added ESI-MS sig-
nal of the top three best responding peptide precursors42,43 (the 
so-called Hi3 method). The presence of the spiked proteins in 
all six samples allows us to use the Hi3 method to quantify the 
concentration of each HCP discovered. For this purpose, PHO 
was selected as an internal reference, of which a known amount 
of 400 fmoles was loaded on-column in every 2D-LC experi-
ment. The quantification method calculates the molar amounts 
loaded on column for all identified proteins (including the spiked 
ones). Based on the average molecular weight of each protein, the 
on-column HCP amount (in nanograms) can be readily calcu-
lated. This value can then be used to back-calculate the protein 
concentration in the original sample, after taking into account 
the volume changes during the sample preparation. Finally, the 
HCP concentration in each PTG1 sample is expressed in ppm 
(as ng of HCP for every mg of total protein) based on the total 
protein concentrations (Bradford assay results). The HCPs listed 
in Table 1 were sorted in the decreasing order of their ppm 
concentrations measured in Sample B2, which has the highest 
number of HCPs and the greatest total HCP concentration. To 
compare the HCP distribution from different cell lines or purifi-
cation methods, the HCPs were grouped into four concentration 
categories for visual clarity: high abundance (highlighted in red, 

18.6 and 50% Eluent B (100% ACN) was performed in the 
first dimension. T49/50 peptide from BSA was detected only in 
Fraction 3 and T43 ENL peptide was eluted only in Fraction 
4, demonstrating excellent reproducibility of the first dimension 
fractionation. The retention time reproducibility (around 0.1% 
RSD) for the same peptides over 48 h of separation additionally 
confirms the stability of the 2D-LC system.

The ability of the 2D-LC system to maintain good chromato-
graphic performance in the 2nd dimension separation, indepen-
dent of the number of fractionation steps in the first dimension, 
was investigated in the subsequent experiment. Figure 3 displays 
the extracted mass chromatograms of the ENL T43 peptide 
generated from the second dimension separations under four 
fractionation schemes: “simulated 1D” (a single one-step elu-
tion from 10.8 to 50% of Eluent B), 3-step, 5-step and 10-step 
fractionations, respectively. The retention time for the T43 pep-
tide over the different operation schemes was highly reproducible 
(0.15% RSD). The 10-step fractionation experiment revealed 
an important finding: a peptide can elute completely in a single 
fraction (fraction 5 of 10) even though a relatively narrow step-
gradient (1.9% B) was employed. As shown in Figure 4A, no 
T43 peptide could be detected in the previous or following frac-
tions. The same performance was seen for the T26 peptide from 
ADH (Fig. 4B) despite a 100-fold higher loading of ADH digest 
on the column. The data indicates that high-pH fractionation 
has greatly improved the performance of peptide separation and 
overcame one of the major limitations often observed in SCX 
fractionation where the same peptide can be split into multiple 
fractions.

The utility of multiple fractionations for the identification 
of low-abundance peptides from a complex mixture was further 
investigated using Sample II (See experimental description). The 
presence of the E. coli lysate digest in a MIX-4 samples creates a 
useful biological background for probing the role of fractionation 
in differentiating specific peptide signals. The four fractionation 
schemes discussed above (comprising 1, 3, 5 and 10-step fraction-
ation in the first dimension) were undertaken, and the ESI-MS 
signal produced by the ENL T43 peptide was used as a typical 
indicator to demonstrate the role of multiple-step fractionation 
and the performance of the 2D-LC system. The ESI-MS spectra 
of ENL T43 peptide, summed across the entire chromatographic 
peak width (~10 sec wide peak), are shown in Figure 5A–E. As 
shown in Figure 5A and B, under no or with few fractionations 
(a single step or a 3-step fractionation in the first dimension), the 
monoisotopic peak of the spiked T43 peptide (m/z: 644.86) is 
completely buried under the isotopic distributions of other more 
intense co-eluting peptides and cannot be reliably distinguished. 
However, the monoistopic peak of the T43 peptide starts to emerge 
from the peptide background with the 5-step fractionation (Fig. 

Figure 2 (See previous page). Reproducibility of the 2D-LC setup for four consecutive experiments: (A) extracted mass chromatograms of T49/50 
peptide from BSA (DAIPENLPPLTADFAEDKDV(C)K, [MH3]

3+ = 820.06) which eluted only in Fraction 3 of 5 step elutions (with 15.4% ACN); (B) extracted 
mass chromatograms of T43 peptide from ENL (VNQIGTLSESIK, [MH2]

2+ = 644.86) eluted only in Fraction 4 out of 5 (using 18.6% ACN). All mass chro-
matograms were generated using an extraction mass window of 0.1 Da around the corresponding monoisotopic peaks. Second dimension chroma-
tography runs were performed at 12 μL/min using a 30 min gradient (7–35% ACN, 0.1% FA). The amounts of digests loaded on column were 20 fmoles 
of ENL and 100 fmoles of BSA.
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peptide is selected as a stoichiometric representative of the protein 
from which it is cleaved to provide a measure of protein con-
centration. When absolute quantification is needed, the measure-
ment is performed against a spiked internal standard (a synthetic 
stable isotope-labeled peptide). In principle, the execution of this 
type of mass spectrometric experiment only requires the knowl-
edge of the precursor m/z and a fragment m/z (MRM transi-
tion) as well as the ability to synthesize the stable isotope-labeled 
analog of the peptide. Thus, MRM experiments are widely used 
to obtain the maximum sensitivity for detection of target com-
pounds. However, the development of a set of MRM transitions 
for a number of proteins of interests has always been a challeng-
ing process and usually takes many iterative steps.

One of the benefits using the LC-MSE approach for protein 
identification44-46 is that for every identified protein, a large num-
ber of the best ionized peptides and the corresponding fragment 

with concentrations >1,000 ppm), medium abundance (yellow, 
concentrations: 500–1,000 ppm), low abundance (green concen-
trations: 100–500 ppm) and very low-abundance (gray, under 
100 ppm). As shown in Table 1, higher purity samples (>98.8% 
purity) were obtained for PTG1 expressed from CHO-S cell line 
regardless of the purification column/protocol used. The purity 
of the mAb expressed in the DG-44 cell line varied more between 
the two purification procedures (7–8%), than between biological 
replicates (2–3%). The data clearly indicates that for these proto-
cols the final composition/concentration of HCPs depends more 
on the type of cell lines used for mAb production.

LC-MRM assay for monitoring HCPs across multiple 
mAb preparations. Quantitative LC-MRM analysis is routinely 
applied to the measurement of specific peptides in complex mix-
tures such as tryptic digests of plasma or urine, and is an estab-
lished technique in bioanalysis. In this case, a specific tryptic 

Figure 3. Chromatographic performance (e.g., RT reproducibility and peak width) is maintained during 1st dimensional fractionation: mass chromato-
grams of ENL T43 peptide obtained under four fractionation conditions: (A) “simulated” 1D run using a single elution step (from 10.8 to 50% ACN);  
(B) fraction 2 out of 3 (from 10.8 to 18.6% ACN); (C) fraction 4 out of 5 (from 15.4 to 18.6% ACN); (D) fraction 5 out of 10 (from 15.4 to 16.7% ACN). The 
data was acquired in continuum mode and all mass chromatograms used an extraction window of 0.1 Da around the corresponding monoisotopic 
peak. All separations used a 30 min gradient (7–35% ACN, 0.1% FA).
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Figure 4. For figure legend, see page 31.
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both LC-MRM platforms. Figure 8 shows a comparison between 
the HCP quantification results obtained on the HCP Discovery 
platform (QTOF instrument) and the LC-MRM platforms (tan-
dem quadrupoles).

Discussion

Different strategies have been evaluated by researchers to design 
2-dimensional LC systems for the analysis of complex protein 
digests with the aim to maximize the separation of all peptides. 
The choice of the two separation columns for the creation of a 
practical 2D-LC system, regardless of system configuration, is 
largely dependent on the orthogonality of the separation selectiv-
ity provided by each column. One of the historically common 2D 
strategies is based on the coupling of a strong cation-exchange 
(SCX) column with a reversed-phase (RP) column.25 Peptide 
fractions are eluted from the first-dimensional SCX column by 
applying a series of step gradients of salt solutions with increasing 
ionic strengths. At each step, peptides are subsequently separated 
on the 2nd dimension RP column using a linear acetonitrile gra-
dient. In principle, the retention in SCX is driven by the ana-
lyte charge. Because the majority of tryptic peptides in a protein 
digest are doubly and triply charged at the pH used for the SCX 
separation, the distribution of peptides fractions is bimodal, with 
2+ and 3+ charged peptides eluting in clusters. As a result, sig-
nificant splitting of high-abundance peptides across multiple 
fractions has been reported in reference 26. In addition, SCX 
separation tends to suffer from significant peptide losses and poor 
reproducibility in separation.26

It has previously been demonstrated that pH can significantly 
alter the selectivity of peptide separations in reversed-phase chro-
matography.26,27,30,31 This observation prompted much interest in 
coupling two RP columns, operated at two pH extremes (pH 10 
and pH 2.5), as a 2D chromatographic system for peptide sepa-
ration, using online or off-line configurations.26-39 Although the 
coupling of high-pH RP/low-pH reversed-phase separations was 
shown to be less orthogonal than the classical SCX/RP multidi-
mensional system for the separation of complex peptide mixtures 
in proteomic experiments,30 the separation resolution offered by 
the high-pH RP in the first chromatographic dimension is far 
superior to the SCX separation. RP separation elutes peptides 
almost equally over the entire retention window (trapezoidal dis-
tribution of peptides) allowing for a greater spread of peptides 
across the same number of fractions.30 Taken together, the advan-
tages offered by a 2D-LC system based on high-pH/low-pH RP 
separation translate into better chromatographic performance. In 
the case of the HCP assay, these chromatographic advantages can 
provide more HCP identifications or better sequence coverage for 
low abundance (10–1,000 ppm) HCPs.

ions are simultaneously acquired. This information provides a 
solid experimental foundation to design a sensitive MRM experi-
ment because, unlike data dependent acquisition, the MSE data 
acquisition method acquires all ions all the time and therefore 
good MRM transitions are obtained in the first ‘discovery’ step 
with no need to re-run the samples. In the case of the HCP 
assay described here, the accurate mass and sequence of all the 
responding peptides identified and their corresponding frag-
ments are contained in the LC-MSE data set acquired during the 
discovery process. This information greatly facilitates the design 
of an MRM experiment to specifically quantify any HCP identi-
fied in the sample of interest, thus providing a rapid method to 
monitor the HCP in a high-throughput manner. Any ions that 
may potentially interfere in an MRM experiment are also mea-
sured in the MSE data and this information can also be used in 
the design of the assay.

The reproducibility of the MRM assay is presented in 
Figure S2. The results are obtained from the MRM analysis 
of all six PTG1 samples, each with 5 replicate injections. The 
average RSD percentage of the peak area for 50 transitions was 
13.3%. The sensitivity of the MRM assay was probed by a sepa-
rate MRM experiment, designed to monitor the spiked protein 
standards with two peptides for each standard and two transi-
tions per peptide (16 MRMs in total). The MRM assay was able 
to detect the lowest spiked protein (ENL, 20 fmoles on-column) 
with a calculated concentration of 4–8 ppm in the six PTG1 
samples, as shown in Figure 6A. However, only one transition 
(644.9→947.5) for the selected ENL T43 peptide could be used 
for quantification due to the presence of a significant interference 
for the other transition (644.9→834.4, Fig. 6B).

In addition to HCP monitoring experiments, samples spiked 
with 13C15N-isotopically labeled peptides were also analyzed using 
the constructed MRM methods for the absolute quantification of 
three selected HCPs (clusterin, elongation factor 1-α and glycer-
aldehyde-3-phosphate dehydrogenase). The isotopically labeled 
peptide analogs (one peptide for each HCP) were spiked in the 
six PTG1 samples before the samples were digested with trypsin 
(see the Experimental Section). The digests were analyzed using 
two instrument setups (platforms) to compare the accuracy and 
reproducibility of the MRM approach on two chromatographic 
scales: analytical scale chromatography (2.1 mm column ID) 
and capillary scale chromatography using a microfluidic device 
containing a separation channel with an internal diameter of 
150 μm.

The experimental conditions for the MRM assays involving 
isotopically labeled peptides are given in Table S2, and the MRM 
chromatograms recorded for the sample-derived and 13C15N-
isotopically labeled peptides for each HCP are shown in Figure 7. 
For each sample, a replicate of 5 MRM assays were performed on 

Figure 4 (See opposite page). Performance of high-pH peptide fractionation: (A) mass chromatograms of ENL T43 peptide recorded for 3 consecu-
tive fractions during a 10-step 2D fractionation experiment: fraction 4/10 corresponds to a step elution from 14.0 to 15.4% ACN; fraction 5/10 was 
eluted from 15.4 to 16.7% ACN; fraction 6/10 (16.7 to 18.6% ACN). (B) mass chromatograms of ADH T26 peptide (EALDFFAR, [MH]1+ = 968.48) recorded 
for 3 consecutive fractions during a 10-step 2D fractionation experiment: fraction 5/10 corresponds to a step elution from 15.4 to 16.7% ACN; fraction 
6/10 was eluted from 16.7 to 18.6% ACN; fraction 7/10 (18.6 to 20.4% ACN). The data was acquired in continuum mode and all mass chromatograms 
used an extraction window of 0.1 Da around the corresponding monoisotopic peaks. All separations were performed using a 30 min gradient (7–35% 
ACN, 0.1% FA). The amount loaded on-column was 20 fmoles ENL and 2 picomoles ADH digest.
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isotopic distributions, making the identification of low abun-
dance peptides extremely difficult. The ability to identify such 
low abundance peptides is greatly enhanced by removing the 
interfering peptides to reduce significantly the chemical back-
ground around the analyte signal. Figure 5 illustrates the utility 
of the high-pH/low-pH approach in differentiating a low abun-
dance peptide from complex background signals. In this exam-
ple, an ENL digest was spiked at a concentration of 50 ppm in a 
complex protein digest sample (1 ng ENL T43 in 20 μg E. coli 
lysate digest loaded on column), and the mixture was analyzed 
by the 2D-LC setup in four separate experiments. The difference 
between the four experiments appears in the number of frac-
tionation step undertaken during the first dimension separation. 
Four different fractionation schemes, with 1, 3, 5 and 10-steps, 
were employed. As shown in Figure 5, the isotope pattern of the 

One of the efficiency benefits of the RP/RP 2D setup over 
the SCX/RP approach is the significant improvement in peptide 
resolution in the first dimension of fractionation. Figure 4 high-
lights the capability of the high-pH fractionation for isolating a 
low-abundance ENL peptide (T43) as well as a high-abundance 
ADH peptide (T26). Despite the great abundance difference 
between the two peptides (100-fold), both peptides are “digi-
tally” eluted in a single fraction with a very narrow elution win-
dow (2% of ACN change). This data clearly demonstrates the 
potential of high-pH RP/low-pH RP chromatography for enrich-
ment (heart-cutting) of targeted peptides from complex samples.

During the analysis of complex peptide samples, it is often 
observed that the isotopic distribution of a low-abundance pep-
tide of interest is frequently obscured by the isotopic pattern 
of higher abundance ions due to the overlapping of multiple 

Figure 5. ESI-MS spectra of ENL T43 peptide in a complex peptide background produced by spiking the ENL digest in an E. coli lysate digest. Each 
spectrum is composed of 10 combined scans across the entire chromatographic peak-width of T43: (A) “simulated” 1D run using a single elution step 
(from 10.8 to 50% ACN); (B) fraction 2/3 (from 10.8 to 18.6% ACN); (C) fraction 4/5 (from 15.4 to 18.6% ACN); (D) fraction 6/10 (from 16.7 to 18.6% ACN); 
(E) fraction 6/10 from the ENL digest (no E. coli digest, same 2D fractionation protocol). All separations employed a 30 min gradient (7–35% ACN, 0.1% 
FA). The amount of ENL digest loaded on column was 20 fmoles for all experiments.
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analysis. As shown in Figure 5, the final results depend on the 
number of fractionation steps involved.

Two operational modes involved in the applications of multi-
dimensional liquid chromatography are often described as heart-
cutting and comprehensive chromatography. Heart-cutting refers 
to the isolation of one or multiple fractions of the analyte(s) of 
interest from the first separation column and conducting the 
analysis typically on a subset of the isolated fractions on the 
second dimension separation column. For the complete identi-
fication of HCPs in a biopharmaceutical sample, comprehensive 
multidimensional chromatography might be necessary, where 
every fraction from the first dimension is transferred to the sec-
ond dimension for analysis, and a single sample injection might 
take 10–12 h to finish. This experimental procedure relies on the 
system stability and reproducibility. The chromatographic per-
formance of the 2D-LC setup with respect to the retention time, 
peak width, peak shape and MS signal intensities for selected 

peptide of interest (ENL T43) became recognizable only after 
the 5-step fractionation, although its isotopic distribution was 
distorted by another interfering species. With further fraction-
ation (10-step fractionation), the experiment produced a rather 
clean MS spectrum of the spiked peptide. The intensity of the 
MS peak is very close to the intensity of the same amount of 
pure peptide from an analysis recorded in the absence of the 
E. coli background. This observation suggests that ion suppres-
sion caused by the co-eluting higher abundance peptides did not 
play a significant role in the case of T43 peptide. Instead, the 
interference from other ion species that have close m/z results in 
the failure of detecting this low abundance peptide. Overall, a 
10- to 20-fold improvement to the dynamic range of a peptide 
assay can be achieved when a 2D-RP/RP LC system is used for 
a comprehensive separation. The data presented above illustrates 
that the 2D-LC system can adequately address the needs for 
the inherently wide dynamic range (105) encountered in HCP 

Table 1. HCPs identified across six PTG1 preparations.

Host-cell proteins (HCPs) identified in six PTG1 preparations and their corresponding concentrations (ppm, expressed in ng HCP/mg total protein) The 
protein concentrations were calculated using top three best responding peptides in ESI-MS [38]. All samples were purified on a ProSep-vA column 
(EMD Millipore). Samples A1/A2 and B1/B2 were biological replicates, grown in a DG-44 CHO cell line. Samples C/D were expressed in a CHO-S cell line. 
The MRM assays were developed for three proteins highlighted in bold.
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When coupled with LC separations, MS has been widely 
used in many proteomic experiments to identify proteins from 
complex mixtures. In a typical shotgun proteomics experiment, 
peptides from a complex protein digest are separated by LC, 
introduced into a mass spectrometer and fragmented. The parent 
proteins are identified via searching the peptide fragments against 
a protein database. In this approach, each peptide precursor ion is 
individually selected in the mass spectrometer for fragmentation, 
and is often referred to as data-dependent acquisition (‘DDA’). 
The rate at which a mass spectrometer can perform the fragmen-
tation (i.e., switch between MS and MS/MS) determines the 
sampling depth and the dynamic range of the analysis. Because 
the concentration of the biopharmaceutical molecule is at least 
three orders of magnitude higher than the HCPs, the signals of 
the peptides from the biotherapeutic protein dominate through-
out the LC run. As a result, in many situations, peptides from 
HCPs co-elute with multiple peptides that have much higher 
concentration. This situation quickly overwhelms the MS/MS 
acquisition rate of even the fastest instruments, because peptide 
precursors are selected for MS/MS fragmentation based on their 
intensities. Since the low intensity ions are those of interest for 

peptide were investigated in this study. The data in Figure 3 
demonstrates that a highly reproducible chromatographic per-
formance can be maintained, regardless of the number of frac-
tionation steps employed in the first dimension. The stability of 
the setup over an extended period of time (48 h, 4 consecutive 
experiments) is demonstrated by Figure 2, where the mass chro-
matograms for two peptides from the MIX-4 digest (Sample I) 
are displayed. These results directly demonstrate that the high-
pH XBridge column can retain peptides over a long fractionation 
experiment (6–10 h) without measurable sample losses and the 
multidimensional chromatography setup is capable of generating 
highly reproducible chromatographic separations.

The identification and quantification of low-abundance HCPs 
in biopharmaceuticals requires a sensitive and specific analytical 
technique that is able to detect these protein impurities at very 
low concentration levels (10–1,000 ppm). Methods with poor 
sensitivity are of little value in HCP assay because of stringent 
product quality and safety requirements by the regulatory agen-
cies. In addition, an assay with high specificity is necessary not 
only to identify individual HCPs, but also to allow differentia-
tion of HCPs from other process-related contaminants.

Figure 6. Example of MRM interference: (A) transition 644.9→947.5 of ENL T43 peptide provides a _clean_channel for quantification of this peptide in 
the PTG1 digest; (B) another transition from the same peptide is obscured by a very strong interference from the sample matrix.
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Figure 7. MRM chromatograms recorded for three selected HCPs measured in Sample B1. Each part displays the best responding transitions for the 
native and the corresponding 13C15N-isotopically labeled peptide belonging to (A and D) clusterin, (B and E) elongation factor 1α and (C and F) glycer-
aldehyde 3-phosphate dehydrogenase. MRMs displayed in (A–C) were recorded using the analytical scale chromatography setup (2.1 mm column ID), 
and the chromatograms presented in (D–F) were obtained on the prototype TRIZAIC nanoTile microfluidic device (150 μm channel ID).
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Figure 7. (C and D) MRM chromatograms recorded for three selected HCPs measured in Sample B1. Each part displays the best responding transitions 
for the native and the corresponding 13C15N-isotopically labeled peptide belonging to (A and D) clusterin, (B and E) elongation factor 1-α and (C and 
F) glyceraldehyde-3-phosphate dehydrogenase. MRMs displayed in (A–C) were recorded using the analytical scale chromatography setup (2.1 mm 
column ID), and the chromatograms presented in (D–F) were obtained on the prototype TRIZAIC nanoTile microfluidic device (150 μm channel ID).
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Figure 7. (E and F) MRM chromatograms recorded for three selected HCPs measured in Sample B1. Each part displays the best responding transitions 
for the native and the corresponding 13C15N-isotopically labeled peptide belonging to (A and D) clusterin, (B and E) elongation factor 1α and (C and 
F) glyceraldehyde 3-phosphate dehydrogenase. MRMs displayed in (A–C) were recorded using the analytical scale chromatography setup (2.1 mm 
column ID), and the chromatograms presented in (D–F) were obtained on the prototype TRIZAIC nanoTile microfluidic device (150 μm channel ID).
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where low abundance proteins are the primary subject of interest, 
the use of the multiplexed MS method seems to be a sensible 
choice. Therefore, when coupled with 2D separations, MSE pro-
vides the specificity needed for HCP analysis. Further detailed 
description of the MSE methodology can be found in previous 
publications.44-46

To test the analytical capability of the 2D-LC MSE technology 
for identification of low-abundance HCPs in biopharmaceuticals, 
five proteins standards (originating from species other than the 
host) were spiked in the PTG1 preparations before tryptic diges-
tion to probe the dynamic range of the assay. From the analysis 
of six Protein A purified mAb (PTG1) samples, HCP concentra-
tions as low as 50 ppm can be confidently identified routinely 
by the approach (see Table 1). HCPs with a concentration lower 
than 50 ppm can be identified if the sample digest is less complex, 

HCP identification, the inability of data-dependent techniques 
results in preferential fragmentation of high-abundance peptides 
(coming from the biopharmaceutical itself), with little or no 
chance for the fragmentation of HCP peptides. In a data-depen-
dent approach, the MS instrument is greatly biased toward unin-
formative peptide fragmentation of the biopharmaceutical itself, 
rather than focusing on the low abundant HCP peptides.

Multiplexed data acquisition method (MSE) has proven to be 
advantageous to provide in-depth signal sampling44-46 because 
the fragmentation process does not involve any precursor selec-
tion. All the peptide precursor ions, whether they have high or 
low intensity, have an equal opportunity to be fragmented. This 
technique provides an efficient way to sample the low intensity 
peptide precursors when there is a wide dynamic range distri-
bution. For the identification of HCPs in biopharmaceuticals, 

Figure 8. Comparison of HCP quantification between MSE and MRM methods: TOF-based quantification (MSE) is based on the Hi3 method and MRM 
quantification is based on the peak area from the signal of spiked 13C15N-isotopically labeled peptides with a known concentration. Protein concentra-
tions (ppm) measured in six mAb preparations are shown for (A) clusterin, (B) elongation factor 1α and (C) glyceraldehyde-3-phosphate dehydroge-
nase.
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have been widely applied to process development and routine 
quality control.

An MRM assay is a targeted quantitative method that requires 
knowledge of protein identity. This information is readily avail-
able from the 2D-LC/MSE assay. In this sense, the MRM assay is 
the natural extension to the 2D-LC/MSE assay and an essential 
component of the entire workflow for HCP analysis. It paves the 
way for high-throughput HCP monitoring during later stages 
of biopharmaceutical purification. The developed LC-MRM 
assay allowed us to monitor a list of 21 HCPs within 20 min, 
and generated highly reproducible measurements with an average 
peak area RSD of 13.3% (Fig. S2). However, as exemplified by 
the MRM chromatograms from Figure 6, MRM interferences 
caused by higher abundance peptide can sometime pose a chal-
lenge when complex peptide mixtures are analyzed with a fast 
gradient (15 min) on a single chromatographic column. This 
problem can be alleviated by using at least two peptides per pro-
tein and two transitions per peptide.

With the use of isotope labeled peptides, the MRM assay can 
be used for absolute quantification of HCPs. The MRM assays 
developed for three abundant HCPs out of the four proteins 
found in all six PTG1 preparations (see Table S3) were tested 
on two different LC-MRM platforms for the high-throughput 
quantification. For each protein, a 13C15N-isotopically labeled 
peptide was also spiked in each sample as an internal standard. 
Representative MRM chromatograms recorded on an analytical 
scale column (2.1 mm x 150 mm) and a nanoscale micro-column 
(150 μm x 50 mm) are shown in Figure 7. Despite the difference 
in chromatographic scales, the quantification results obtained on 
the two LC-MRM platforms are in very good agreement (<5% 
difference in the absolute HCP concentrations measured), as 
illustrated by Figure 8. The nanoscale platform is able to deliver 
the same quantitative information as the analytical scale plat-
form, while only using 1/50 of the sample. Although the amount 
of sample available for HCP analysis is generally not limited, 
there are other applications (e.g., clinical proteomics, biomarker 
validation, PK/PD studies for monitoring therapeutic proteins in 
biological fluids) where the microfluidic MRM platform would 
bring greater benefits. Additionally, microfluidic platforms are 
potentially easier to automate or simplify for less experienced 
users.

The quantification results for three HCPs obtained from the 
MSE method and the LC-MRM absolute quantification meth-
ods are compared in Figure 8. The MSE results were calculated 
using the Hi3 best responding peptides for each protein and 
the LC-MRM quantification results were generated using iso-
topically labeled peptide analogs. The results agree with each 
other within 25% of the measured values. The Hi3 quantifica-
tion methodology is likely to be responsible for the discrepancy 
between these methods because the accuracy of this method is 
reported to be in the range of 20–40%.38,39 In almost all mea-
surements, the Hi3 method slightly overestimated the HCP 
concentrations. One explanation for this observation is that 
that the Hi3 method combines all potential HCP isoforms into 
one measurement, whereas the MRM method is isoform-spe-
cific. Further comparisons between the Hi3 method and the 

such as when the MW of the biopharmaceutical is smaller, or 
when fewer high abundance HCPs are present.

The protein database used for identification of CHO pro-
teins contains a significant number of entries of mouse proteins 
(95%). The genomic sequence information for the CHO-K1 cell 
line became publicly available only recently.47 By relying on the 
homology between mouse and hamster, several MS-based pro-
teomics approaches have been able to overcome this apparent 
limitation and proved that relevant protein changes during anti-
body expression in CHO host cells can be detected.48,49 To our 
knowledge, there are no MS-based applications reported in the 
scientific literature that describe the identification and monitoring 
of HCPs during purification of biopharmaceutical products. As 
shown in Table 1, using the mouse/hamster homology, we were 
able to identify a total of 33 HCPs across six PTG1 preparations, 
of which five HCPs are authentic hamster proteins. The HCP 
concentrations measured varied widely from 16 to 3,034 ppm 
(ng HCP/mg total protein), and four out of five spiked proteins 
were identified in all samples (2 out of 3 replicates). Interestingly, 
only four high-abundance HCPs were found in common across 
all PTG1 preparations (see Tables 1 and S3). Most of the HCPs 
identified in this study are high-abundance CHO proteins and 
ten of them were shown to be differentially expressed in CHO 
cells used for mAb production.48,49

The six PTG1 mAb samples analyzed in the current study 
were produced by a single-step purification process, and they do 
not necessarily represent highly purified biotherapeutic products. 
In addition, the single-step purification protocol was not fully 
optimized to provide the highest purity of PTG1. Therefore, a 
relatively high number of CHO proteins (33) were co-purified 
(see Table 1). However, the samples served as good models to test 
the capability of the 2D-LC/MSE assay in dealing with complex 
samples. In addition, since Protein A is normally included as the 
initial step in a sophisticated purification scheme of a biophar-
maceutical (mAb) product, this assay can yield a comprehensive 
list of HCPs in the early stage of purification (while HCP con-
centrations are high) thereby providing vital information to the 
design of downstream purification processes. More importantly, 
because the identities of each individual HCPs are known, these 
proteins can be effectively monitored in a more sensitive and 
high-throughput manner.

Compared with other methods for HCP analysis, the 2D-LC/
MSE assay has several advantages. For examples, the method can 
be applied to any protein biopharmaceutical sample and pro-
vides the concentration and the identity of individual HCPs. 
The concentration measurement is also available from a cal-
culation that does not involve the synthesis of internal protein 
standards. Additionally, the development of a method is far 
shorter than many other techniques that involve immunoassay 
steps. However, the assay is not without limitations. With a total 
run time of 10–12 h per sample (one injection, 10 fractions), 
the assay is not practical for analyzing multiple pharmaceuti-
cal preparations simultaneously. Therefore additional effort was 
invested in developing a sensitive and high-throughput MRM 
assay to address the limitations of the HCP discovery method. 
MRM methods represent a rational, cost-effective strategy and 
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Protein digest standard mixtures. MIX-4 protein digest stan-
dards (Sample I). A simple protein digest mixture was created by 
mixing four individual protein digest standards at an appropriate 
ratio. Stock solutions of individual MassPREPTM protein digests 
of yeast alcohol dehydrogenase (ADH), rabbit phosphorylase b 
(PHO), bovine serum albumin (BSA) and yeast enolase (ENL) 
(all from Waters Corp.) in 20 mM ammonium formate, pH 10, 
were mixed to achieve the final concentrations of 20 nM ADH, 
4 nM PHO, 1 nM BSA and 0.2 nM ENL respectively.

MIX-4 protein digests standards in an E. coli lysate digest solu-
tion (Sample II). The second MIX-4 protein digest was prepared 
by mixing the same sets of protein digest standards at the same 
concentration levels (20-0.2 nM) except that the four protein 
digests were spiked into a complex peptide background of an  
E. coli lysate digest (Waters Corp.,), which was prepared by dis-
solving 100 μg of E. coli lysate digest in 0.5 mL of 20 mM ammo-
nium formate (pH 10).

HCP samples. A chimeric anti-phosphotyrosine IgG1 mono-
clonal antibody (PTG1 mAb) was expressed in two different 
Chinese hamster ovary (CHO) cell lines (DG-44 CHO and 
CHO-S). Samples A1, B1, A2 and B2, were collected from cell 
line DG-44 CHO, and samples C and D, were from CHO-S 
cell lines. All samples were clarified using a Millistak+ D0HC 
pod filter for primary clarification, a Millistak+ A1HC pod filter 
for secondary clarification and an Express membrane for sterile 
filtration (all from EMD Millipore, Bedford, MA). Samples were 
then purified using Protein A chromatography on a ProSep-vA 
column (Millipore, Bedford, MA). Samples A1, B1 and C were 
purified using the recommended manufacturer’s protocol, while 
for samples A2, B2 and D different washing and elution condi-
tions were used to maximize differences in purification perfor-
mance. The effect of cell viability was investigated for two sample 
pairs (A1/A2 and B1/B2) with samples A2/B2 being cultured at 
lower cell viability. Total protein concentrations (expressed in 
mg/mL) were measured for each PTG1 sample using a Bradford 
assay. Five protein standards (LA, PHO, ADH, BSA and ENL) 
were spiked in 250 μL of each of the PTG1 (5–10 mg/mL) sam-
ples at fixed concentrations ranging from 20 to 1,000 ppm. The 
spiked-in proteins were used for quantification of HCPs and for 
probing the dynamic range of the 2D-LC/MSE assay. The result-
ing protein mixture was denatured with 0.1% RapiGest (Waters 
Corp.,) for 15 min at 60°C, reduced with 10 mM DTT for 30 
min at 60°C, alkylated with 20 mM IAM for 30 min (at RT) 
and enzymatically digested overnight (37°C) with porcine tryp-
sin (Promega, Madison, WI) using a 20:1 (w/w, protein:enzyme) 
ratio. After digestion, the RapiGest surfactant was decomposed 
by adding 5 μL of pure TFA and the samples were incubated 
for 30 min at 37°C, and centrifuged (10 min at 10,000 rpm) to 
remove the insoluble component of the degraded RapiGest. After 
adjusting the pH of the supernatant solution to pH 10 using 
28% (w/w) ammonium hydroxide (pH 11), the digestion volume 
was brought to 1 mL using 20 mM ammonium formate (pH 
10). The digestion protocol was designed to produce the same 
volume of peptide digest for each sample (1 mL), irrespective of 
the initial mAb concentration. Because the injection volume for 
each sample was kept the same for each 2D-LC/MSE experiment  

MRM method for larger data sets should help to validate these 
findings.

In summary, an online comprehensive two-dimensional 
LC/MS assay for identification and quantification of host-
cell proteins (HCPs) in biotherapeutic proteins over 5 orders 
of magnitude was developed. The 2D-LC setup used high-pH 
RP fractionation followed by low-pH RP separation to achieve 
the separation of protein digests, followed by peptide detection 
by the MSE approach. The application of this assay to six mAb 
preparations allowed us to identify 33 HCPs with the lowest 
concentration of 16 ppm. Subsequently, a high-throughput 
LC-MRM assay was developed based on the identification 
information for rapid HCP monitoring. The performance of 
the MRM assay was evaluated by analyzing 21 HCPs in 20 min 
with an average peak area RSD of 13.3%. Absolute quantifica-
tion using 13C15N-labeled peptides analogs as internal standards 
for three selected HCPs was performed on two LC-MRM plat-
forms. The results were compared with TOF-based, 2D-LC/
MSE quantification method using the Hi3 peptide method. The 
TOF and MRM data sets correlated well, providing strong evi-
dence for the validity of each method, as well as the consis-
tency of the entire workflow. Because the HCP assay provides 
not only the total concentration of all the HCPs, but also the 
identity and the concentration of each HCP, it allows us to cor-
relate the contribution of different purification schemes and cell 
lines to the nature and concentration of HCP impurities pres-
ent in biopharmaceuticals. This in-depth characterization of 
biotherapeutic products will greatly facilitate the development 
of purification methods for both process development and final 
product quality control. The HCP assay has a great potential to 
become a universal method for HCP analysis in biopharmaceu-
tical industry.

Materials and Methods

Chemicals. Ammonium bicarbonate, ammonium hydroxide 
(28% w/w), bovine α-lactalbumin (LA), bovine serum albu-
min (BSA), dithiothreitol (DTT), Glu1-fibrinopeptide B (GFP), 
iodoacetamide (IAM), rabbit glycogen phosphorylase b (PHO), 
yeast alcohol dehydrogenase (ADH) and yeast enolase (ENL) 
were purchased from Sigma Chemical Co., (St. Louis, MO 
USA). HPLC grade acetonitrile (ACN) and trifluoroacetic acid 
(TFA) were obtained from Thermo Fisher Scientific (Rockford, 
IL USA). MS-grade formic acid (FA) was acquired from Sigma 
Chemical Co., A Milli-Q Elix-3 purification system (Millipore, 
Bedford, MA USA) was used for preparing the deionized (DI) 
water (18 MΩcm) required for all experiments.

Sample preparation. Preparation of ammonium formate 
(NH

4
FA, pH 10) solution. A stock solution of ammonium for-

mate (200 mM, pH 10) was prepared by mixing 6.95 mL of 28% 
(w/w) ammonium hydroxide with 450 mL of DI water. Then 
0.81 mL of formic acid was added to the solution. The pH of the 
stock solution was adjusted to 10 with FA, and the final volume 
was brought to 500 mL. The stock solution was diluted (1:10, 
v/v) using DI water to yield a 20 mM NH

4
FA solution for sample 

preparation and 2D-LC separations.
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quadrupole time-of-flight mass spectrometer (SYNAPT HDMS 
System, Waters Corp., Milford, MA) equipped with the stan-
dard electrospray ionization (ESI) probe fitted with a small 
bore (45 μm ID) stainless steel capillary (Waters Corp., p/n 
M956357DC4-S). For all measurements, the mass spectrometer 
was operated in positive ESI ion mode with a typical resolving 
power of 10,000 FWHM. Data were acquired in continuum 
mode over m/z range of 50–1,990, using a capillary voltage of 
2.6 kV, a source temperature of 90°C and a cone voltage of 35 V. 
The desolvation temperature was set to 300°C and the desolva-
tion gas flow rate was 500 L/hour.

The LC/MSE data was collected by alternating the collision 
energy of the MS instrument between low energy (MS) and 
elevated energy (MSE) without precursor selection. The spectral 
acquisition time at each energy setting was 0.5 sec such that one 
spectrum of MS and MSE data was acquired every second. In the 
low energy MS mode the data was collected at a constant colli-
sion energy of 5 eV, while in the MSE mode the collision energy 
was ramped from 15 to 35 eV. The collision energy of the transfer 
cell was correspondingly alternated between 4 eV (low energy 
MS acquisition) and 10 eV (ramped MSE acquisition). A solution 
of 0.2 μM Glu1-fibrinopeptide B (GFP) in 50% acetonitrile with 
0.1% FA was used as a lock-mass solution. The solution was deliv-
ered at a flow rate of 3 μL/min using an auxiliary pump of the 
nanoACQUITY 2D-LC system. The lock-mass data was sam-
pled every 4 min using 0.5 sec scans over the same mass range.

LC-MRM analysis using a 2.1 mm analytical column. 
LC-MRM assays were performed on an ACQUITYTM UPLC 
system coupled to a Xevo TQ MS tandem quadrupole mass spec-
trometer (Waters Corp., Milford, MA USA). UPLC separations 
were performed on a 2.1 x 150 mm BEH300 C

18
 column packed 

with 1.7 μm particles (Waters Corp.). The column temperature 
was kept at 35°C. Mobile phase A was 0.1% FA in DI water, and 
mobile phase B was 0.1% FA in ACN. Fifty microliters of the 
digest samples were injected onto the analytical column using 
a linear gradient from 0 to 35% B over 15 min at a flow rate of 
300 μL/min. The ESI-MS conditions are as follows: electrospray 
capillary voltage 3.5 kV, cone voltage 35 V, source temperature 
90°C, desolvation temperature 400°C and desolvation gas flow 
800 L/hour. All MRM measurements were acquired at unit mass 
resolution (0.75 Da FWHM) for both MS1 and MS2 using dwell 
times ranging from 10–40 ms. Collision energies were assigned 
according to the formula CE = 0.034 x m/z + 3.3,50 regardless of 
precursor charge state.

Twenty one HCPs (unique protein isoforms) identified in 
the six PTG1 samples were selected to demonstrate the devel-
opment of LC-MRM methods for rapid monitoring of target 
HCPs. These HCPs represent proteins from each abundance cat-
egory and span a broad range of concentration (from 16 ppm 
for eukaryotic translation initiation factor 5A-1 to 3,034 ppm 
for nucleolin). The selection of representative peptides for MRM 
assays starts from the MSE data set from which the HCPs were 
identified. The VerifyE software (Waters Corp.,) was used to 
automatically filter the MSE data set based on a number of simple 
rules: (1) identification of four peptides for each HCP, having 
the best precursor ion intensity in ESI-MS; (2) identification of 

(100 μL), the amount of the spiked proteins loaded on-column 
was constant for every injection: 4,000 fmoles LA, 1,000 fmoles 
ADH, 400 fmoles PHO, 100 fmoles BSA and 20 fmoles ENL.

Internal standards for MRM analysis. For absolute protein 
quantification by the MRM approach, three 13C15N-isotopically 
labeled peptides (Sigma Aldrich, St. Louis, MO) were spiked into 
250 μL of PTG1 sample before the digestion. The final concen-
tration for all three isotopically labeled peptides spiked in the 
PTG1 digest was 20 nM.

2D-LC separation setup and methods. A nanoACQUITYTM 
UPLC® system (Waters Corporation, Milford, MA) equipped 
with online 2D-LC technology was developed to perform the 
peptide separations. A schematic diagram illustrating the opera-
tion of the 2D-LC system is presented in Figure 1. The first chro-
matographic dimension performs peptide fractionation under 
basic (pH 10) conditions on a 1.0 mm x 50 mm XBridge C

18
  

(5 μm particles) reversed-phase column (Waters Corp.,) at a flow 
rate of 10 μL/min. Eluent A was 20 mM ammonium formate 
in water (pH 10), and eluent B was pure ACN. A trap column 
(2.7 μL internal volume) packed with Symmetry C18 (5 μm, 
Waters Corp.) was used to trap peptides eluted from the first 
dimension. Peptide fractions were eluted in step gradients from 
the first dimension column and mixed online with 100 μL/min 
of 0.1% TFA solution (1:10 dilution) before being trapped on the 
trapping column (Fig. 1B). The 10-fold online dilution reduces 
the organic content and the pH of the mobile phase so that pep-
tides can be effectively retained on the trap column before the 
second dimension separation. The mobile phases for the second 
chromatographic dimension (low pH RP) were 0.1% FA in water 
(mobile phase A) and 0.1% FA in ACN (mobile phase B). The 
second dimension column is a 0.3 mm x 150 mm C

18
 column 

(BEH300, 1.7 μm particles, Waters Corp.). The flow rate for 
the second dimension separation was set at 12 μL/min and the 
column was maintained at 65°C. A 30 min gradient from 7–35% 
B was used for peptide separation in the 2nd dimension separa-
tion. The column was washed using 90% B for 5 min and re-
equilibrated at 7% B for 10 min before returning to the next step 
of fractionation.

The step elution gradients for the first dimension were opti-
mized such that approximately the same amount of peptides was 
eluted off at each step. Throughout the study, four 2D-LC meth-
ods were employed: (1) simulated 1D (i.e., 1-step fractionation): 
all the peptides loaded onto the first dimension column were 
eluted from the XBridge (high pH) column with 50% B; (2) 
3-step fractionation: peptides were eluted from the first dimen-
sion column using three successive elution steps, with 10.8, 18.6 
and 50% B, respectively; (3) 5-step fractionation: five fractions 
were eluted with 10.8, 12.4, 15.4, 18.6 and 50% B; (4) 10 step 
fractionation: ten fractions were eluted using 10.8, 12.4, 14.0, 
15.4, 16.7, 18.6, 20.4, 25.0, 30.0 and 50% B. The fractionation 
process started right after the completion of sample loading (15 
min at 10 μL/min with 3% B), and each elution step took 15 min 
(using a flow rate of 10 μL/min) to complete.

Mass spectrometry. HCP discovery platform. A multiplexed 
data acquisition method (MSE) was employed for the mass 
spectrometric analysis. The LC/MSE data was acquired using a 
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(0.75 Da FWHM) for both MS1 and MS2 and the detailed 
MRM experimental parameters are provided in Table S2.

Data processing. The LC/MSE data was processed using 
PLGS 2.4 software (Waters Corp.,) 51,52 for HCP identification. 
For each PTG1 sample, all the MSE data from each fraction-
ation step was digitally combined into a single file using PLGS 
software.51,52 The low-energy and high-energy (MSE) data were 
background subtracted, de-isotoped and charge-state reduced to 
the corresponding monoisotopic peaks. Each monoisotopic peak 
was then lock-mass corrected to yield the accurate mass measure-
ment. Fragment ions and their corresponding precursor ions were 
automatically aligned (grouped) together based on the retention 
time profiles of the ions.51,52 Processed spectra were searched 
against a custom protein database which was compiled from 
12,943 Swiss Prot mouse protein sequences, 654 Golden hamster 
proteins (from Swiss Prot database), the sequences of five spiked 
proteins (LA, ADH, PHO, BSA, ENL), the sequence of porcine 
trypsin, protein A (S. aureus) sequence, and the heavy/light chain 
sequences of PTG1. The final custom database also included an 
equal number of entries of randomized (decoy) sequences (one 
random sequence for each true sequence), containing a total of 
27,212 entries in the database. The decoy strategy was used to 
control the false positive rate in HCP identification. The search 
was limited to tryptic peptides with one potential missed cleav-
age. The mass tolerance allowed for the low-energy precursor 
ions was 20 ppm, while the mass tolerance of elevated-energy 
fragment ions was set to 50 ppm.

PLGS search results (*.csv files) were exported to VerifyE soft-
ware to generate transitions for the MRM assay.

All MRM chromatograms (five replicates per sample) were 
integrated using the TargetLynx application manager from 
MassLynx 4.1 (Waters Corp.,), and the results containing MRM 
transitions, chromatographic retention times and peak areas were 
exported to Excel spreadsheet (Microsoft, Redmond, WA) for 
additional data analysis.
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four transitions per peptide; (3) exclusion of peptides containing 
modified residues such as Cys carbamidomethylation, Met oxida-
tion and N/Q deamidation, although tryptic miscleavages were 
allowed. For the 21 HCPs, VerifyE generated 304 MRM transi-
tions for further optimization.

Although all the transitions from a VerifyE process are based 
on experimental data, the ability to detect a peptide in MRM is 
potentially affected by a higher abundance peptide that shares the 
same transition and elutes at the same retention time. This obser-
vation is common in complex samples with a wide dynamic range, 
especially when the MRM analysis is done in a fast chromato-
graphic run. To improve the selection of MRM transitions for the 
HCPs and find the best transitions for each peptide, all 304 tran-
sition candidates were tested to validate the detectability under 
typical chromatographic conditions used for a high-throughput 
assay (15 min gradient separation). The transitions were split into 
three scouting runs for validation (approximately 100 transitions 
per run) and each transition was monitored throughout the entire 
LC gradient with no retention time windows specified. The final 
MRM method was constructed after analyzing the MRM chro-
matograms from the three scouting runs, and it contained 50 
MRMs from 25 peptides (2 transitions per peptide) covering 
21 HCPs. These transitions were programmed into six sched-
uled retention time windows (2 min each) for the monitoring of 
HCPs during the 15 min assay. The experimental conditions for 
the MRM experiment (peptide sequences/transitions, collision 
energy and dwell times) are presented in Table S1. The absolute 
quantification for three selected HCPs after spiking three 13C15N-
isotopically labeled peptides (one peptide for each HCP) was also 
performed for all six PTG1 preparations using the same setup 
and method described above.

LC-MRM analysis using a novel microfluidic device. The abso-
lute quantification for the selected HCPs in all six PTG1 prepa-
rations was also acquired using a prototype microfludic device (a 
‘Trizaic’ tile containing a 150 μm x 50 mm channel, packed with 
BEH 1.7 μm C18 particles, Waters Corp.,) coupled to a Xevo 
TQ-S tandem quadrupole (Waters Corp.). For the same samples 
analyzed on the microfludic device, the injection volumes were 
scaled down to match the chromatographic dimension of the 
separation channel. Only 1 μL of sample was injected on the 
microfluidic device compared with 50 μL of sample injected on a 
2.1 mm ID column. The LC separations were performed at 45°C, 
using a flow rate of 3 μL/min and a linear gradient from 3–40% 
B over 7 min. The mobile phase A was 0.1% FA in DI water, 
and mobile phase B was 0.1% FA in ACN. The ESI-MS con-
ditions were: electrospray capillary voltage 4.0 kV, cone voltage 
40 V, source temperature 150°C, nanoflow nebulizing gas pres-
sure 0.5 bar. Measurements were acquired at unit mass resolution  
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