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Abstract  

Antibody-free approaches for quantitative LC-MS/MS-based protein 

bioanalysis are reviewed and critically evaluated, and compared to the more 

widely used immunoaffinity-based approaches. Antibody-free workflows will 

be divided into four groups and discussed in the following order: direct analysis 

of signature peptides after proteolytic digestion; enrichment of target proteins 

and signature peptides by fractionated protein precipitation; enrichment of 

target proteins and signature peptides by reversed-phase and ion-exchange 

solid-phase extraction; and enrichment of target proteins and signature peptides 

by (antibody-free) affinity-solid-phase extraction. 
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Introduction 

The quantitative bioanalysis of proteins and other macromolecules by liquid 

chromatography-tandem mass spectrometry (LC-MS/MS)-based methods have 

received increasing attention over the past few years. This is mainly due to a 

number of advantages over immunoassays, which have been the golden 

standard for protein quantification for several decades. One of the major 

advantages is the possibility of LC-MS/MS for quantification without the use of 

analyte-directed antibodies, which may be time-consuming and costly to obtain. 

Additionally, they limit the linear dynamic range of immunoassays and may 

suffer from limited specificity as well as from interference by components of 

the biological matrix such as anti-drug antibodies (ADA) and circulating protein 

drug targets 1–3. Still, many current LC-MS/MS methods also use antibodies, in 

the form of immunocapture reagents for selective analyte extraction. This is 

particularly the case when low detection limits are required and a thorough 

clean-up of the sample is needed. To fully profit from the generic applicability 

of LC-MS/MS for proteins, alternative, antibody-free workflows are therefore 

of particular interest. Here, it should be noted that antibody-free approaches 

usually measure the total drug concentration, because any existing interaction 

between the protein analyte and matrix components will be broken during 

analysis [4]. In contrast, antibody-based analysis, be it immunoassay or LC-MS 

with immunocapture, will typically not respond to ADA- or target-bound 

analyte and therefore give the free drug concentration. Antibody-free analysis, 

however, also offers the possibility of differentiating between free and ADA-

bound protein drug by including a protein A/G enrichment step in the workflow, 

to extract ADA-bound drug from the sample 4,5.  

 

It is fair to say that some challenges still need to be overcome before antibody-

free LC-MS/MS can be considered a viable alternative to immunoassays, 

notably with regard to sensitivity and throughput. LC-MS/MS of proteins 

differs from traditional LC-MS/MS of small molecules in many ways. It 

typically includes an enzymatic digestion step of the protein analyte into a 

mixture of peptides and the selection of one or more signature peptide(s) for 

quantification, as a surrogate for the intact protein. A number of aspects, as well 
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as typical challenges of LC-MS/MS quantification of proteins in biological 

matrices have been recently reviewed. Reviews have focused on 

recommendations and suggestions for assay development 6, sample preparation 
7, LC-MS/MS analysis 8, the use of internal standards 9 and the support of 

clinical applications 10. The main focus of the current review will be on the 

application of LC-MS/MS for protein quantification without the use of any 

analyte-directed antibodies. It will be shown that protein enrichment is not 

always required and that the tryptic digest of a biological sample can be 

successfully analyzed directly in the case of proteins of medium to high 

abundance. Additionally, applications with different forms of antibody-free 

enrichment for high-sensitivity applications will be discussed. Methods will be 

divided into enrichment by fractionated protein precipitation, conventional 

solid-phase extraction (SPE) and antibody-free affinity-based enrichment. The 

different approaches will be critically evaluated and possible future trends will 

be discussed. 
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Direct analysis of a proteolytic digest without enrichment 

It is not always necessary to perform protein or signature peptide enrichment for 

protein quantification. There are numerous examples of important medium- and 

high-abundant proteins that were quantified after digesting the protein analyte 

into its signature peptides in the untreated biological matrix followed by direct 

LC-MS/MS analysis of the digest. A number of illustrative examples will be 

discussed below. For rapid and complete digestion, it is important to unfold the 

protein to optimally expose the cleavage sites to the protease. This is performed 

by denaturation of the protein, e.g. by the addition of urea followed by 

disrupting intramolecular disulfide bridges by reduction and subsequent 

alkylation of the free thiol groups 6 or by simply precipitating the protein 

through the addition of an organic solvent and digesting the resulting protein 

pellet 11.  

 

Such a direct approach was successfully applied for the quantification of 

albumin in urine, a diagnostic and prognostic marker for renal disease 12. The 

LC-MS/MS analysis (run time 30 minutes) of urine (40 µL) showed a lower 

limit of quantitation (LLOQ) of 3.13 µg/mL (47 nM) and a linear dynamic 

range up to 200 µg/mL. A good correlation (r2=0.97) was found when 

comparing the LC-MS/MS and immunoassay analysis results. The choice for 

LC-MS/MS was based on the better accuracy and precision of the measurement. 

These were of importance because of the need to assess small increases in 

urinary albumin excretion to predict progression of renal disease as well as 

cardiovascular morbidity. The same quantification strategy was implemented 

with an LC-MS/MS method (run time 10 minutes) for immunoglobulin G (IgG) 

in serum (2 µL) with a linear dynamic range from 0.09 µg/mL (600 pM) to 500 

µg/mL, using one class-specific signature peptide. This application also 

demonstrated the power of selected reaction monitoring (SRM) for 

simultaneously quantifying the four IgG isoforms IgG1 to IgG4 based on four 

isoform-specific signature peptides 13. In addition, the method was able to 

separately determine 26 different glycoforms of IgG by monitoring the 

corresponding glycosylated peptides (Figure 1).  
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Figure 1. Multiplexed reversed-phase LC-MS/MS analysis of IgGs by selected 

reaction monitoring (SRM) with the glycan profiles for each separate IgG 

subclass. In total 31 signature peptides were selected and separated: one 

peptide for total IgG, four peptides for the subclasses IgG 1-4 and 26 glyco-

peptides. A 100-fold enlargement of the IgG1 glyco-peptide profile is shown. 

Reprinted with permission from 
13

. Copyright (2013) American Chemical 

Society. 

Similarly, LC-MS/MS was successfully applied for the simultaneous 

quantification (run time 29 minutes) of insulin-like growth factor-1 (IGF-1) and 

insulin-like growth factor binding protein-3 (IGFBP-3) in 100 µL human serum 

with an LLOQ of 2 µg/mL (91 nM) and 5 µg/mL (156 nM), respectively 14. In 

this case, LC-MS/MS was specifically selected for analysis because of its high 

specificity for both analytes, which are markers for verifying the abuse of 

human growth hormone. Furthermore, the analysis has the potential of 

screening for more markers correlated to the abuse of growth factors, such as 

insulin-like growth factor binding protein-2 (IGFBP-2) and osteocalcin.  
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Despite the generally rather limited sensitivity, the direct approach can be 

performed with small sample volumes, as was demonstrated for the biomarker 

ceruloplasmin, quantified in a dried blood spot (DBS). The DBS was obtained 

from a 3-mm punch of spotted blood on a filter paper card, with an LLOQ of 7 

µg/mL (57 nM) and a linear dynamic range up to 950 µg/mL 15. The DBS 

method was beneficial for the effective screening of newborns for Wilson’s 

disease. In addition to the quantification of highly abundant biomarkers, the 

direct approach can also be applied to protein pharmaceuticals. One example is 

the thrombolytic agent Tenecteplase, a recombinant form of tissue plasminogen 

activator (tPA), quantified in rat plasma 16. The LC-MS/MS quantification (run 

time 45 minutes) of this drug showed an LLOQ of 5 µg/mL (85 nM) and 

linearity up to 125 µg/mL; its applicability was demonstrated by the analysis of 

pharmacokinetic plasma samples (25 µL) after a single-dose study in rats. 

Compared to an ELISA, which had a much lower, LLOQ at the (in this case 

irrelevant) pg/mL level, LC-MS/MS method development was much faster. The 

signature peptide was chosen in such a way that there was no risk of cross-

reactivity with structurally related proteins, such as endogenous tPA that differs 

in only three of the in total 527 amino acids from the pharmaceutical protein. A 

clear advantage of antibody-free LC-MS/MS is the possibility for multiplexed 

analysis of proteins. This was demonstrated by the simultaneous quantification 

of a panel of 45 and 142 high- to moderate-abundance proteins in 5 and 6 µL of 

human plasma using the above mentioned direct analytical approach 17,18. 

Absolute quantification of the protein panel was performed at concentrations 

ranging from 44 ng/mL (1.6 nM, myeloblastin) to 31 mg/mL (463 µM, 

albumin) with the use of separately synthesized isotopically labeled peptides as 

internal standards for each selected signature peptide.   

 

Overall, as exemplified above, the direct analysis approach typically has limited 

detection sensitivity with LLOQ levels in the µg/mL range, at least for protein-

rich matrices. This is mainly due to the fact that all endogenous matrix proteins 

are co-digested, generating a very large number of peptides, some of which 

have much higher concentrations than the analyte signature peptides. Since the 

physico-chemical properties of the matrix peptides are often rather similar to 

those of the signature peptide, direct injection of a digest may lead to co-elution 
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of matrix peptides, which can result in reduced sensitivity due to ionization 

suppression and limited selectivity because of the appearance of interfering 

peaks of isobaric peptides in the chromatograms. Moreover, direct digestion of 

serum or plasma samples bears the risk that high-abundance, endogenous 

protease inhibitors, such as α1-antitrypsin, interfere with digestion. For optimal 

accuracy and precision, it is beneficial to include an internal standard to correct 

for experimental variability in the digestion step. Since stable-isotope labeled 

forms of the intact protein or suitable structurally similar proteins are difficult to 

obtain, many researchers rely on peptide-based internal standards that do not or 

at best correct only partially for variations due to digestion. Research has 

indicated that this is a suitable approach as long as the digestion step is properly 

optimized 9,19.  
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Fractionated protein precipitation   

Protein precipitation is a common technique for the removal of matrix proteins 

prior to the quantitative determination of small molecules, but it is also useful 

for the quantification of protein analytes. Some selectivity can be obtained if the 

target protein is (partially) separated from the matrix proteins, either by 

recovering it in the pellet or in the supernatant. Precipitation techniques applied 

for quantitative protein analysis can be based on organic solvents, salts, acids, 

reducing agents or combinations thereof. 

 

Methanol has been used for the co-precipitation of protein analytes with other 

plasma proteins, a step that is followed by centrifugation, removal of the 

supernatant and digestion of proteins in the remaining pellet 20,21. Although no 

separation is achieved from most of the endogenous plasma proteins, a benefit 

of this approach is that (phospho)lipids, salts, soluble peptides and small 

proteins will be removed. At the same time, the protein analytes will be 

denatured, which facilitates proteolytic digestion. A direct comparison of this 

on-pellet digestion with in-solution digestion after denaturation resulted in 

similar or better digestion efficiencies, as judged from three signature peptides 

covering different regions of a monoclonal antibody 11. With cysteine-

containing signature peptides, reduction and alkylation have to be incorporated 

in the work-flow. This can be achieved by a first partial digestion step to 

dissolve the pellet followed by reduction, alkylation and a second digestion step 

for complete liberation of the cysteine-containing signature peptides 22. The on-

pellet digestion approach was applied to a chimeric monoclonal antibody in 

human plasma (2 µL). In combination with nanoLC-MS/MS an LLOQ of 12.9 

ng/mL (86 pM) could be reached 23. The same approach was demonstrated to be 

applicable in a variety of murine tissues (100 mg) with LLOQs between 0.156 - 

0.312 µg/g tissue 24.       

Organic solvent-based precipitation can also be used to remove a major part of 

the matrix proteins, while retaining small or exceptionally hydrophobic proteins 

of interest in the supernatant. Methanol was used as a second precipitation step 

after ammonium sulfate precipitation for the enrichment of the small protein ɑ-
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cobratoxin (ɑ-Cbtx) 25. The fact that ɑ-Cbtx was not precipitated and had a 

recovery of 85% is likely due to the five disulfide bridges, giving it 

considerable structural stability, and its small size (71 amino acids), which 

renders it insensitive to denaturation by the addition of methanol. In another 

example, isopropanol containing 0.1% formic acid was added to plasma to 

precipitate most matrix proteins but retain PEGylated adnectin in the 

supernatant 26,27
. PEGylation of proteins generally improves their solubility in 

organic solvents. A recovery of 60% and an LLOQ of 10 ng/mL (250 pM) were 

obtained in monkey plasma by precipitation of plasma proteins and subsequent 

digestion of the supernatant. This is, however, not a generic approach for 

PEGylated proteins, since much lower recoveries were found for other 

PEGylated protein drugs when treated with acidified methanol or acetonitrile.  

 

The addition of 55% acidic acetonitrile (0.1% trifluoroacetic acid) resulted in 

the efficient removal (97-98%) of serum and plasma proteins, especially of 

high-molecular-weight proteins, as demonstrated by SDS-PAGE analysis of the 

resulting supernatant 28,29. A disadvantage of this approach is that there are very 

few proteins that will be recovered in the supernatant and that, therefore, its 

applicability is limited. However, the extract was found rich in apolipoproteins 

from which in total eight were identified (Apo A-I, Apo A-II, Apo A-IV, Apo 

B-100, Apo C-III, Apo D, Apo E and Apo M) after acetonitrile precipitation, 

which remained in solution because of their amphipathic properties 30. The same 

principle was used for the selective extraction of the target protein interferon-

gamma-inducible protein-10 (IP-10) in the supernatant after precipitation of 

serum with acetonitrile under acidic conditions 31. IP-10 is a protein with a 

relatively small size of 8.6 kDa and a high pI of 10.8. Optimal precipitation was 

obtained with a 2:1 (v/v) ratio of acetonitrile with 2% formic acid to serum. The 

sample was passed through a filtration membrane with a pore size of 0.2 µm in 

a 96-well plate, which retained the pelleted insoluble matrix proteins. The 

method resulted in complete analyte recovery and an impressive 100-fold 

increase in sensitivity with an LLOQ of 272 pg/mL (32 pM).   
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Figure 2. Schematic representation of albumin depletion by addition of 

trichloroacetic acid in isopropanol to plasma. Reprinted with permission from 
32

. Copyright (2014) American Chemical Society. 

The most abundant plasma protein, albumin, can be selectively removed with an 

efficiency of up to 95% by adding a 10-fold volume excess of 2-propanol 

containing 1% trichloroacetic acid (TCA) to plasma and discarding the 

supernatant (Figure 2) 32. The albumin-TCA complex had an excellent 

solubility in the supernatant due to the very strong bond formation of TCA with 

albumin. After precipitation, the re-suspended pellet was digested with a 

recovery close to 100% for three different therapeutic candidate proteins: a 

monoclonal antibody (145.3 kDa), a domain antibody (78.0 kDa) and a fusion-

protein (80.0 kDa). This performance compared favorably to a commercial 

albumin removal kit, where 50% of the protein analytes were lost. For the 

fusion-protein, the sensitivity increased 10-fold with an LLOQ of 50 ng/mL 

(625 pM) compared to an on-pellet digestion after protein precipitation with 

75% of methanol. This approach may be of general interest in that it can remove 
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about 50% of the total protein content from serum and plasma in a simple and 

straightforward way. 

 

Ammonium sulfate precipitation at the isoelectric point (pI) was an effective 

clean-up strategy for the analysis of the endogenous small protein ɑ-cobratoxin 

(ɑ-Cbtx) in horse plasma 25. Proteins are generally best precipitated at their 

isoelectric point, since solubility is lowest at this pH value. Determination of the 

total amount of protein in the supernatant and in the pellet of 3 mL plasma after 

precipitation at pH 8.6 showed a removal of 78% of undesired matrix proteins, 

which remained in the supernatant, while the analyte was precipitated and 

further analyzed. Dithiothreitol (DTT) is commonly used for breaking disulfide 

bonds in a protein. The reduction of disulfide bonds and the resulting unfolding 

of proteins facilitate the precipitation of high-abundance, disulfide-bond-rich 

proteins like albumin and serotransferrin, since unfolded proteins have a greater 

tendency to aggregate. The extent of precipitation can be predicted and directly 

linked to the number of disulfide bonds in a protein. Although the total removal 

of matrix proteins from serum was not very efficient (approximately 27%), 

DTT-mediated precipitation did introduce some selectivity for 

immunoglobulins which mainly remained in the supernatant 30,33. 

The principle of precipitation due to the unfolding of proteins as a result of 

selective denaturation at elevated temperatures with proper pH adjustment of 

the sample was successfully applied to the analysis of the immunosuppressive 

protein drug alefacept, which is used for the reduction of skin inflammation 34. 

In this case, the pH was adjusted to 5.1, which is close to the pI of the most 

abundant matrix protein albumin (5.3) but far from the pI of the protein analyte 

(7.2). This reduces the ionic shell around albumin and facilitates protein-protein 

interactions that cause aggregation. Together with increasing the temperature to 

45°C, this resulted in sufficient albumin removal, while recovering 25% of the 

analyte. Despite the low recovery, an LLOQ of 250 ng/mL (2.8 nM) could still 

be achieved by precipitating 350 µL of human plasma. This could be explained 

by a 50% reduction in ionization suppression. 

 

In summary, the inclusion of a protein precipitation step has several benefits. 

Besides being a cheap and simple approach, it typically leads to better 
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selectivity and sensitivity compared to direct digestion, with LLOQ levels 

usually in the medium to high ng/mL range for proteins that are amenable to 

this enrichment approach based on their physico-chemical properties. In its 

simplest form, the majority of matrix proteins are co-precipitated with the 

analyte, while only salts, (phospho)lipids and other smaller compounds are 

removed. Additional selectivity can be obtained by precipitation of only a 

fraction of the matrix proteins and further analysis of the supernatant or the 

pellet, depending on where the analyte is recovered. Protein precipitation 

usually does not lead to a high degree of selectivity and it is mainly interesting 

for analytes with molecular properties that are clearly different from those of the 

bulk of the background plasma proteins, such as proteins that are PEGylated or 

that contain high numbers of disulfide bridges.  
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Solid-phase extraction (SPE)  

Reversed-phase and ion-exchange SPE are widely used techniques for the 

quantitative determination of small molecules. In the following paragraphs, 

these techniques will be discussed in view of their potential for the enrichment 

of proteins (before digestion) and/or peptides (after digestion) prior to 

quantitative LC-MS/MS analysis.  

 

SPE of proteins prior to digestion 

Reversed-phase SPE is a suitable method for the enrichment of small proteins 

from serum, such as the protein drug candidate recombinant kringle 5 (rK5) 

which has a molecular mass of around 10.5 kDa 35,36. Prior to SPE, an additional 

denaturing step with 8M guanidine HCl was applied to the 50 µL human plasma 

samples to dissociate rK5 from anti-drug antibodies. The next step was 

transferring the denatured plasma samples to a reversed-phase SPE column, 

which was washed with 0.2% aqueous trifluoroacetic acid (TFA) and hexane 

and eluted with acetonitrile containing 0.2% TFA. The SPE extracts were dried 

and reconstituted in 100 µL water and injected. The final LC-MS/MS analysis 

showed a recovery of rK5 of 66% and a clear reduction in albumin content. Due 

to the relatively small pore size of 80Å of the SPE material, the separation was 

not only based on interaction with the stationary phase (within the pores), but 

also on size-exclusion effects.  

 

An automated in-tube solid-phase micro-extraction (SPME) system was 

combined with reversed-phase chromatography for the quantification of 

interferon alpha-2a (19 kDa) 37. The in-tube SPME material was coated with 

bovine serum albumin (BSA) at the outer surface of the C18 silica particles. 

Plasma proteins were excluded from the inner pore network by adsorbed 

albumin, which created a diffusion barrier for larger molecules. The SPME 

device was incorporated into the injection loop of the autosampler, which 

allowed plasma to be directly injected. The results of a careful evaluation 

indicated that more than 90% of matrix protein was removed. In this case, 

fluorescence detection based on endogenous tryptophan fluorescence was 
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performed, but the approach may also be applicable to LC-MS/MS after online 

protein digestion.  

 

Barton et al. 38 compared reversed-phase SPE to acetonitrile precipitation for 

the removal of high-molecular-weight proteins from plasma. For this purpose, a 

panel of clinical biomarkers consisting of 13 high-abundance (µg/mL level) and 

15 low-abundance (ng/mL level) plasma proteins was selected. Four different 

approaches were compared: protein depletion by precipitation with acetonitrile 

and reversed-phase SPE (pore size of 100Å) under basic, neutral and acidic 

conditions. In the first approach, acetonitrile was added to 50 µL of plasma, 

resulting in a final acetonitrile concentration of 60%. In the SPE approach, 50 

µL of plasma were diluted and loaded under neutral, basic or acidic conditions 

by 20-fold dilution with 50 mM ammonium bicarbonate (neutral), 0.1% formic 

acid (acidic) or 0.3% ammonia (basic) prior to extraction. After loading the 

plasma, all SPE cartridges were washed with 1 mL of 5% acetonitrile and eluted 

with 0.5 mL of 75% acetonitrile with 0.1% formic acid. Acetonitrile 

precipitation appeared to be an effective approach in terms of removing large 

proteins such as albumin. This resulted in the enrichment of smaller proteins 

like the apolipoproteins. Reversed-phase SPE showed a lower efficiency for 

removing high molecular weight matrix proteins, with a large difference in 

enrichment factors for different proteins loaded at different pH conditions. 

Interestingly, no correlation was found between the pI of a given protein and the 

pH at which it was enriched. This seems to indicate that analyte interaction with 

matrix proteins was a significant factor. The results obtained with an 

immunoassay and with two antibody-free enrichment strategies (60% 

acetonitrile precipitation and SPE under basic conditions) were compared for 

IGF-1 (7.6 kDa, pI: 9.4). A good correlation was found (R2 > 0.999), which can 

be explained by the relative small size and high pI of the protein, which make it 

suitable for enrichment by protein precipitation and basic SPE, respectively. 

 

Monolithic SPE phases have been shown to be beneficial for protein extraction. 

Monolithic stationary phases can be divided in silica-based 39–41 and polymer-

based 42,43. In contrast to a conventional particle-packed SPE phase, a 

monolithic material consists of a single piece of highly porous structure. 
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Advantages of these phases are their low pressure resistance, which gives the 

possibility of using high flow rates, and a high binding capacity for proteins 

because of their high porosity and surface accessibility. Monolithic SPE was 

successfully used for the sensitive quantification of PEGylated interferon alpha-

2a (about 40 kDa) at the low ng/mL level in serum 44. The monolithic material 

showed better retention of proteins with a high molecular weight than 

conventional SPE materials, because of its larger accessible surface area 45,46.  

 

Recent research by our own group showed that strong cation-exchange (SCX) 

SPE provides sufficient clean-up to allow quantification of recombinant human 

tumor necrosis factor related apoptosis-inducing ligand (rhTRAIL) with a lower 

limit of quantitation of 10 ng/mL (170 pM) in human serum (500 µL), which is 

comparable to immobilized metal affinity (IMAC) enrichment (discussed in the 

section about antibody-free affinity-based enrichment) (Figure 3). rhTRAIL has 

a relatively high pI of 8.9 compared to the most abundant matrix proteins such 

as serum albumin (5.3) and ɑ2-macroglobulin (6.0), meaning that it can be 

selectively extracted in its positively charged form at a pH of 7-8, when a major 

part of matrix proteins are negatively charged and thus not trapped by the 

negatively charged SCX phase. An important parameter was the pore size of the 

polymer SCX resin, which needed to be sufficiently large (250 Å) to allow 

diffusion of trimeric rhTRAIL with its molecular weight of 58.5 kDa. Because 

of the relatively slow diffusion properties of the analyte, plasma had to be 

mixed with the resins for 10 minutes to provide enough time for binding. 

Washing and elution of rhTRAIL was performed under mild conditions with the 

use of sodium chloride. Analyte recovery was around 71% with a matrix protein 

removal efficiency of 99%. 
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Figure 3. Comparison of SCX and IMAC enrichment of rhTRAIL. LC-MS/MS 

chromatograms of rhTRAIL in serum at a concentration of 10 ng/mL enriched 

with SCX or IMAC SPE. The trace of the corresponding blank sera is shown in 

red (Wilffert et al., unpublished results).    

 

SPE of peptides after digestion 

SPE at the peptide level is a more widely used approach in the quantitative 

bioanalysis of proteins. Compared to SPE of intact proteins, SPE of peptides is 

more straightforward because of the limited size and complexity of the 

molecules. Additionally, it can be more readily optimized using a wide variety 

of commercially available phases. Although much knowledge can be derived 

from the vast amount of bioanalytical literature for small molecules, there is an 

important difference in that the matrix after digestion is much more complex 

than the corresponding undigested sample. This is because all original matrix 

proteins have been digested to a highly complex mixture of a myriad of 

peptides, all with quite comparable physicochemical and analytical properties. 

 

The use of both reversed-phase and ion-exchange SPE has been described. 

Enrichment with ion-exchange SPE of signature peptides was performed for the 

absolute quantification of the biomarkers podocin 47 and aquaporin-2 in urine 48, 

with an LLOQ of 0.39 ng/mL (9.3 pM) and 0.5 ng/mL (17 pM), respectively. 

Before selecting the enrichment method for podocin, extraction recovery, 

matrix effect and process efficiency of C18 and mixed-mode cation exchange 

(MCX) SPE were carefully evaluated. Extraction recoveries from a urine digest 
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were almost similar for the C18 (92%) and MCX (89%) phases. The largest 

difference was the reduction of interfering peaks in the LC-MS/MS 

chromatograms after MCX extraction, resulting in an improved S/N ratio in 

comparison with C18 SPE. Therefore, MCX SPE was selected as the extraction 

method; cartridges were conditioned with 0.5% formic acid in water and 

washed with 0.5% formic acid in 30% methanol, 0.5% formic acid in water, 200 

mM ammonium bicarbonate and eluted with 24 mM ammonium bicarbonate in 

20% methanol. Nevertheless, significant noise was still detected and this was 

reduced by introducing a second generation of product ions by using MS3 

detection. MCX was also found to be the best choice in another systematic 

investigation on the use of C18, MCX and C18 - MCX two-dimensional SPE for 

enrichment of peptides from digested monkey serum 49. Three optimized 

signature peptides from a monoclonal antibody were selected in order to 

compare the three methods. Even though two-dimensional SPE was best at 

reducing the matrix effect of the monkey serum, single MCX was overall the 

better choice. It resulted in a slightly better, although still relatively low 

recovery for two signature peptides of 22-29% instead of 20-22% and 14-24% 

instead of 4-10%, respectively. This translated into improved assay sensitivity 

with an LLOQ of 0.2 µg/mL (1.3 nM) in comparison with the two-dimensional 

SPE. A full scan total ion chromatogram demonstrated a larger decrease in 

intensity for monkey serum pretreated with MCX-SPE than for C18-treated 

serum. Another advantage of MCX over C18 was the possibility to apply a 

methanol wash step that removed phospholipids, which are notorious for their 

ion suppression effects.  

 

Sample pretreatment at the peptide level with the use of two-dimensional SPE 

resulted in an efficient sample clean-up for a signature peptide (pI 9.4) released 

from the variable heavy chain of a therapeutic human monoclonal antibody in a 

plasma digest prior to LC-MS/MS quantification 50. The two dimensions 

consisted of reversed-phase and strong cation exchange, so enrichment was 

based on differences in hydrophobicity and basicity between the matrix peptides 

and the signature peptide. During the first step, 10 µL of reduced, alkylated and 

trypsin-digested plasma was loaded onto a reversed-phase SPE 96-well plate. 

The SPE phase was subsequently washed with 500 µL of 10% acetonitrile in 



31 

 

water and eluted with 1.5 mL of 35% acetonitrile containing 0.1% formic acid. 

The first reversed-phase SPE step did not improve the signal-to-noise ratio, but 

mainly removed salts and highly hydrophobic components leading to a 

reduction in total LC-MS/MS run time, since there was no need for a high-

organic wash step at the end of the LC gradient. The reversed-phase SPE eluent 

was loaded onto an MCX plate, which was washed with 500 µL of 10% 

ammonium hydroxide in acetonitrile and eluted with 1.5 mL 20% ammonium 

hydroxide in acetonitrile. The MCX step showed a significant improvement in 

signal-to-noise ratio and sensitivity of the analysis. In this way, C18 and MCX 

proved to be complementary and the combination of these two dimensions 

resulted in an LLOQ of 0.5 µg/mL (3.3 nM) and a dynamic range up to 1000 

µg/mL. A direct comparison between the LC-MS/MS approach and a more 

sensitive ELISA resulted in a concentration difference of less than 15% for all 

samples tested. However, the largest benefits of the LC-MS/MS approach were 

the improved accuracy, precision and wider dynamic range.   

 

That two-dimensional SPE can be performed on a single SPE cartridge was 

shown for the quantification of a biopharmaceutical nanobody in human and 

rabbit plasma 51. The selected signature peptide contained three carboxylic acid 

groups and was retained on a weak anion-exchange cartridge at pH 5. 

Selectivity was introduced by washing with a high ionic strength (0.3 M NaCl) 

buffer that removed many trapped matrix peptides with fewer acidic groups and, 

thus, a weaker interaction with the SPE phase. Further selectivity was 

introduced by eluting with 1% ammonia. At this pH, the stationary phase 

becomes deprotonated and the anion-exchange interactions are broken. The 

polar signature peptide was eluted, while relatively non-polar matrix peptides 

remain bound by hydrophobic interactions. Compared to the direct analysis of 

pellet-digested plasma, many interfering peaks were removed from the 

chromatograms, permitting analyte quantification down to 10 ng/mL (360 pM). 

 

To increase the selectivity of peptide extraction, SPE can be replaced by pre-

fractionation on a high-resolution LC column. Reversed-phase separations can 

be performed at acidic and at basic pH values on the same type of material with 

considerable orthogonality 52. The high-pressure, high-resolution separations 
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with intelligent selection and multiplexing (PRISM) technique (Figure 4) is 

based on a two-dimensional reversed-phase LC separation under first basic (pH 

10) and then acidic (pH 2) conditions 53–56. A capillary reversed-phase column is 

used in the first dimension, onto which the digest is injected and from which the 

eluent is split at a 1:10 ratio. The smaller fraction of the eluent is applied for 

online SRM monitoring of the heavy isotope labeled signature peptides at a 

flow rate around 300 nL/min, while the larger fraction of the eluent is collected 

every minute into a 96-well plate during the 100 min LC run. Online SRM 

monitoring of the heavy isotope labeled peptides is used for “intelligent 

selection” of the fractions of interest for further separation on a second nano-

scale reversed-phase column under acidic conditions with a 50 min run time.  

Figure 4. Schematic overview of the high-pressure, high-resolution separation 

with intelligent selection and multiplexing (PRISM) strategy. This strategy is 

based on a two-dimensional reversed-phase separation with basic and acidic 

conditions, respectively. Reprinted with permission from 
54

. Copyright (2013) 

American Chemical Society. 
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An important quality of the strategy is that no antibodies are required even for 

fairly low abundant proteins (sub ng/mL to low ng/mL levels), albeit at the 

expense of a very long analysis time. This was shown for the analysis of 

prostate-specific antigen (PSA) with an LLOQ of 1 ng/mL (33 pM) in (12.5 µL) 

serum. A similar two-dimensional reversed-phase LC (first dimension: C18, 2.1 

mm x 150 mm, 3.5 µm and second dimension: C18, 2.1 mm x 150 mm, 2.7 µm) 

approach was applied for the quantification of the nanobody IgE109 (19.5 kDa) 

in 14 µL cynomolgus monkey plasma with an LLOQ of 36 ng/mL (1.9 nM) 57. 

Focusing on only one target protein was beneficial in that throughput of the 

analysis could be kept at a reasonable level with a total run time of 37 min. 

There was a clear improvement in the limit of detection of approximately two 

orders of magnitude of the two-dimensional LC-MS/MS over one-dimensional 

LC-MS/MS. This analysis strategy can be easily extended to target a number of 

endogenous proteins simultaneously as shown for a panel of five proteins (PSA, 

epidermal growth factor receptor, kallikrein 6, matrix metalloproteinase 9, and 

periostin) all quantified at the low and sub ng/mL level in human serum 54.   

 

A related approach is the so-called multidimensional protein identification 

technology (MudPIT), which is usually applied for discovery-based proteomics, 

but also appears to be suitable for targeted protein quantification 58. MudPIT 

was originally designed as a peptide fractionation technique in which a single 

column is packed with different stationary phases, for example with the biphasic 

combination SCX-C18. Firstly, a plasma digest is desalted on an online C18 trap 

column and subsequently switched to the SCX part of the MudPIT cartridge. 

The trapped peptides are eluted off the SCX phase and trapped on the C18 phase 

by injections of a pH 3 buffer containing increasing concentrations of 

ammonium acetate. Finally, the signature peptides are eluted to the analytical 

C18 column by increasing the acetonitrile content and quantified by SRM. A 

clear reduction of ion-suppression and improved sensitivity was shown by a 

mean peak area increase of around 89% and reduced levels of noise in the 

chromatograms with MudPIT-SRM compared to the conventional C18-SRM 

peptide analysis. The suitability for quantification of less abundant proteins was 

tested by applying the approach to the analysis of candidate biomarkers from 

human wound fluids at the lower ng/mL level. This revealed peptides that were 
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below the LLOQ of the conventional C18-SRM analysis. The main drawback of 

this method is the additional time (five times longer) required for the multiple 

salt fractionation.  
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Antibody-free affinity-based enrichment 

Besides conventional SPE-based enrichment, there are other possibilities of 

extracting proteins and peptides from complex samples without the use of 

antibodies. One approach is based on the affinity of certain amino acids for 

metal ions, while the affinity of post-translational modifications (PTMs) on 

proteins to certain affinity phases forms the basis of another extraction 

technique. 

 

Metal-ion-based enrichment 

The amino acids cysteine, histidine and tryptophan contain strong electron 

donor groups which can chelate with transition metals like Zn2+, Cu2+, Ni2+ and 

Co2+. Immobilization of these metals on a stationary phase is the most 

commonly applied approach for metal-based affinity enrichment of proteins and 

peptides, a technique called Immobilized Metal Affinity Chromatography 

(IMAC). IMAC is especially popular in the field of preparative protein 

separation and purification and several reviews and articles have been published 

about its use (see Cheung et al. 
59 and Gutiérrez et al 

60 for recent reviews). 

More recently, metal-based affinity enrichment methods have been gaining 

increasing interest in the field of targeted protein quantification. An advantage 

of IMAC is the possibility of tuning the selectivity by simply changing the 

immobilized metal ion. The strength of binding is influenced by the number of 

coordination positions used for immobilizing the metal ion to the support. Cu2+ 

appears to have the strongest interaction with histidine and can even bind 

peptides containing a single histidine moiety, whence it can be suitable as a 

targeted enrichment approach for histidine-containing peptides 61.   
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Figure 5. Molecular model of rhTRAIL [77] showing the exposed histidines on 

the surface (A) and a visualization of their interaction with immobilized Ni
2+

 

ions (B) on an IMAC support for affinity enrichment. Reprinted with permission 

from 
62

. Copyright (2013) American Chemical Society. 

IMAC enrichment has been applied for the absolute quantification of rhTRAIL 

reaching an LLOQ of 20 ng/mL (340 pM) in human and mouse serum 62. 

rhTRAIL has affinity for Ni2+ ions because of a number of surface-exposed 

histidine residues (Figure 5). Ni2+ was immobilized with four of its six 

coordination sites at a stationary phase containing nitrilotriacetic acid (NTA) 

chelating groups. The two remaining coordination sites are occupied by water 

and available to interact with electron-donor groups of the target analyte. 

Adding 15 mM of the competing ligand imidazole to the mobile phase during 

loading of the IMAC resin proved beneficial for the enrichment of the target 

analyte from serum as it reduced binding of matrix proteins. Elution of 

rhTRAIL from the resin was accomplished with 140 mM imidazole. SDS-

PAGE analysis and total protein quantification indicated removal of 95% of 

matrix proteins, while recovering 72% of the analyte. Full validation according 

to international guidelines showed the applicability of IMAC enrichment in 

combination with LC-MS/MS for monitoring the pharmacokinetics of rhTRAIL 

after intraperitoneal injection in mice. In comparison with ELISA, the LC-

MS/MS analysis had the advantage of being able to distinguish between wild-

type rhTRAIL and a genetically engineered, receptor-specific variant within the 

same run. 
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Another recombinant human protein, the angiogenesis inhibitor endostar, a 

modified form of endostatin, was also successfully enriched with IMAC for 

quantification in rat plasma 63. The difference with rhTRAIL was that 

unmodified endostatin appears to have no natural affinity to metal ions. 

Endostar, however, contains a tag of ten amino acids containing six histidines at 

the N-terminus, which was not only useful for improving stability but also 

allowed IMAC-Ni2+ enrichment, because of the high affinity of histidine 

towards metal. Clean-up of the plasma sample was again demonstrated by SDS-

PAGE analysis and enrichment of the target analyte with an achieved lower 

limit of quantification of 50 ng/mL (2.5 nM). The method was validated and its 

applicability was shown by a pharmacokinetic study in rats.   

 

The stationary phase containing the chelating groups, normally used for 

immobilization of the metals, can also be applied in its unmodified form to 

chelate metal ions that are bound to proteins or peptides, a technique known as 

non-activated IMAC. It appears to be especially useful for the enrichment of 

heme-containing peptides, e.g. after digestion of C-type cytochromes, because 

of the presence of an Fe3+ ion at the center of the porphyrin structure that can 

bind to iminodiacetic acid (IDA) on a non-activated IMAC phase 64. It was 

demonstrated that the addition of 10% acetonitrile reduced non-specific binding 

to the non-activated IMAC (polystyrenedivinylbenzene) resin and that the pH 

should be kept at 6-7. This is because lower values caused protonation of non-

heme-peptides leading to interaction with the iminodiacetic acid groups in an 

ion-exchange manner causing high non-specific binding. Even though the study 

focused on the identification of heme-containing peptides, it may also prove 

useful for quantification purposes. This was demonstrated by a clear decrease of 

noise in the LC-MS/MS chromatograms, a seven-fold increase in heme-

containing peptide ratios to the amount of total peptides of a bovine serum 

albumin (BSA) digest and a linear relationship of the LC-MS/MS signal to the 

amount of spiked peptides. Immobilized histidine may also serve as affinity 

ligand for the enrichment of heme-containing peptides 65. Histidines appeared to 

have strong affinity to the Fe3+ center of the heme motif. As a stationary phase, 

N-hydroxysuccinimide (NHS) ester - activated Sepharose was used, which was 

derivatized with histidine via the primary amine group. The protein digest was 
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applied on the resin and washed with a phosphate buffer at pH 7 to remove 

weakly bound peptides followed by elution of heme-containing peptides with 

300 mM imidazole. Applicability for quantification was demonstrated by a clear 

enrichment resulting in a reduced noise level in the total ion LC-MS/MS 

chromatogram and the possibility for detection of 0.4 ng of heme-c peptide in a 

background of 4 µg of total peptides. 

 

Enrichment of post-translationally-modified proteins 

A wide range of antibody-free affinity-based stationary phases is available for 

the enrichment of post-translationally-modified (PTM) proteins and peptides, 

based on the interaction of the modified (e.g. phosphorylated or glycosylated) 

groups with the stationary phase. A complicating factor for quantitative analysis 

is the possible heterogeneity of the modifications. In the field of proteomics, 

relative quantification of PTM-proteins and -peptides has been performed by 

reference to unmodified peptide standards, which does not take the degree of 

PTM into account and assumes that each peptide is entirely modified. 

Phosphorous-based inductively coupled plasma mass spectrometry (ICP-MS), 

classically used for inorganic and organic multi-element analysis, has shown 

potential for absolute quantification of phosphorylated proteins 66,67.  

IMAC is frequently applied for the enrichment of phosphorylated peptides or 

proteins. The amino acids threonine, serine and tyrosine can be modified with a 

phosphate group that has a strong affinity with trivalent metal ions like Fe3+, 

Ga3+ and Al3+. In case of phosphopeptides and phosphoproteins, the benefit of 

the use of metal oxides, like TiO2 and ZrO2 has also been shown, as it provides 

a higher capacity and better selectivity towards the phosphorylated analytes than 

non-oxidized metals. Enrichment strategies based on SCX and hydrophilic 

interaction chromatography (HILIC) have also been applied for the enrichment 

of phosphopeptides and proteins. Recent reviews from the field of proteomics 

(68, 69, 70, 71) provide an overview of the possibilities of enrichment and 

quantitation strategies for phosphorylated proteins and peptides. 

 

The most powerful enrichment method for glycoanalysis is the use of lectins 

that show selectivity towards glycans. Many different lectins are available, and 

each lectin shows selectivity towards a certain specific glycan within the entire 
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glycan branch. The advantage of this approach is that it dramatically reduces the 

complexity of the matrix since non-glycosylated proteins and proteins with a 

different form of glycosylation are not extracted. Other affinity enrichment 

approaches, based on hydrazine and boronic acid interaction, are less group-

specific and enrich all glycoforms of a given protein or peptide. The major 

difference between these approaches lies in the fact that glycans form 

covalently bound hydrazides with hydrazine, while boronate forms heterocyclic 

diesters with cis-diols. Although glyco-enrichment has not been used for 

absolute, targeted protein quantification, it presents an interesting possibility for 

group-specific enrichment. An overview of the possibilities for glycosylated 

proteins and peptides has been provided by Ahn et al. 72, Huang et al. 73, 

Thaysen-Andersen et al. 
74

 and Ongay et al. 75. 
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Conclusion 

To fully profit from the generic applicability of LC-MS/MS for protein 

quantification, the use of antibody-free extraction approaches is a very 

important, but not yet completely exploited area. This review discusses the 

options for protein and peptide enrichment from biological matrices, which do 

not rely on antibodies (a summary is presented in Table 1). Direct analysis, 

without selective enrichment but including tryptic digestion and where 

necessary reduction and alkylation, often reaches sufficient sensitivity (low 

µg/mL level) for the analysis of medium to high abundant proteins in plasma or 

serum. Extending the workflow with a simple fractionated protein precipitation 

step has proven to be beneficial for the analysis of smaller or very hydrophobic 

proteins due to the removal of high-molecular weight, high-abundance matrix 

proteins. The resulting cleaner matrix typically leads to improved sensitivity 

and applications with quantification limits as low as 10 ng/mL have been 

described.  

 

To reach sensitivities in the low-to sub-ng/mL level, the realm of current 

immunoassays, more selective enrichment is needed, which can be obtained 

with one- or multi-dimensional solid-phase extraction. Reversed-phase and 

cation-exchange have been applied both before and after digestion, to extract 

intact protein analytes and signature peptides, respectively. For extraction at the 

protein level, the low diffusivity of proteins necessitates a relatively long 

contact time between solid phase and sample. Therefore, the focus is currently 

on the development of new monolithic polymer-based stationary phases, which 

have better mass transfer properties. At the peptide level, the use of 

multidimensional SPE with orthogonal separation selectivities has great 

potential for efficient sample clean-up and also benefits from the many readily 

available, well-characterized and robust materials. 
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Table 1. Antibody-free workflows for protein quantification by LC-MS/MS 

Analyte(s) MW Matrix IS Extraction technique LLOQ Ref. 
 (kDa) (µL) Type  Protein level Peptide level ng/mL nM  
142 proteinsa  5 Plasma SIL-peptides - - 44 - 31*106  [19] 
IGF-1/IGFBP-3 22/ 32 100 Serum SIL-peptide - - 2000/5000 91/156 [15] 
Tenecteplaseb 59 25 Plasma - - - 5000 85 [17] 
Ceruloplasmin 122 DBSc Blood SIL-peptide - - 7000 57 [16] 
Somatropin/mAb 20/150 10 Plasma Protein anolog - 2D-SPE C18+MCX 1000/500 50/3.33 [50] 
Albumin 67 40 Urine SIL-protein - - 3130 47 [13] 
Human mAbs ~150 25 Serum SIL-peptides MeOH/on-pellet -  5000 33 [12]  
IGF-1 7.5 50 Plasma SIL-peptide SPE C18 - 125 17 [38] 
rK5 10.5 50 Plasma SIL-protein SPE C18 - 100.9 9.6 [35] 
Alefacept 91 350 Plasma Protein analog pH adjustment - 250 2.8 [34] 

Endostard 20 200 Plasma Peptide analog SPE IMAC - 50 2.5 [63] 
Nanobody® IgE 19.5 14 Plasma SIL-peptide - 2D-LC C18 pH10 + pH2  36 1.9 [57] 
Human mAb ~150 25 Serum SIL-peptide MeOH/on-pellet SPE MCX 200 1.3 [49] 
BMS-C 80 50 Serum SIL-peptide 2-propanol 1% TCA - 50 0.63 [32] 
IgG, IgG 1-4 ~150 2 Serum - - - 90 0.60 [14] 
Nanobody® vWF 28 50 Plasma SIL-peptide MeOH/on-pellet 2D-SPE WAX+C18 pH11 10 0.36 [51] 
rhTRAIL 58.5 100 Serum SIL-protein SPE IMAC - 20 0.34 [62] 
rhTRAIL 58.5 500 Serum SIL-protein SPE SCX - 20 0.34 - 
PEG-adnectin 40 50 Plasma Protein analog 2-propanol 0.1% FA - 10 0.25 [26] 
ɑ-Cbtx 7.8 3000 Plasma Peptide analog Amm.Sulfate/MeOH - 1 0.13 [25] 

Chimeric mAb ~150 2 Plasma SIL-peptide Acetone/on-pellet - 12.9 0.086 [24]  
PEG-interferon-ɑ2a 40 200 Serum Protein analog SPE C18 (monolith) - 3.6 0.060 [44] 
PSA 30 12.5 Serum SIL-peptide - 2D-LC C18 pH10 + pH2 1 0.033 [54] 
IP-10 8.6 50 Serum SIL-peptide acetonitrile 2% FA - 0.272 0.032 [31] 
Aquaporin-2 29 1000 Urine SIL-peptide - SPE MCX 0.5 0.017 [48] 
Podocin 42 1000 Urine SIL-peptide - SPE MCX 0.39 0.0093 [47] 
aQuantification panel of 142 high-to FA: formic acid PSA: prostate-specific antigen  

moderate-abundance proteins IGF-1: insulin-like growth factor-1 SCX: strong cation-exchange  
brecombinant plasminogen activator IGFBP-3: insulin-like growth factor binding protein 3 SIL: stable isotope labelled  
c3-mm punch of spotted blood IMAC: Immobilized metal affinity chromatography SPE: Solid-phase extraction  
dModified form of endostatin IgG: immunoglobulin G TCA: trichloroacetic acid  

ɑ-Cbtx: ɑ-cobratoxin  IP-10: interferon-gamma-inducible protein-10 rhTRAIL: human recombinant TNF - related-inducing ligand 

BMS-C:fusion protein drug candidate mAb: monoclonal antibody vWF: Von Willebrand Factor 

DBS: dried blood spot MCX: mixed-mode cation exchange WAX: weak anion-anion exchange  
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Similar detection sensitivity may be reached by the application of antibody-free 

affinity enrichment. The most important approach is currently based on the high 

affinity of transition metal ions towards histidine and cysteine. The metal ions 

can either be immobilized on a stationary phase (IMAC) for extraction of e.g. 

histidine-containing analytes, or, metal (e.g. heme)-containing proteins and 

peptides may be enriched on non-activated IMAC or immobilized histidine 

resins.    

 

Table 2. SWOT analysis for antibody-free workflows, compared to 

immunocapture, for protein quantification by LC-MS/MS 

Strenghts 

 

• No need for production of 
antibodies, which can be time-
consuming and costly 

• No or much less variability in the 
quality of different batches of 
extraction materials 

• Better selectivity: no or reduced 
interference of anti-drug 
antibodies and modifications on or 
nearby the epitope of the antibody 

• Multiplexing capabilities: no need 
to raise multiple antibodies for 
multi-analyte assays 
 

Weaknesses 

   
• More complicated method 

development of the (multi-step) 
extractions 

• Less rigorous sample clean-up 
and enrichment, leading to 
generally higher detection limits 

 

Opportunities 

 

• Much knowledge is available in 
the field of preparative-scale 
protein purification, that can be 
translated 

• Increased need for generic 
analytical approaches, because of 
the increasing numbers of protein 
drugs in development  

• Desire for additional tools for 
method development 
 

Threats   

 

• High-quality antibodies are 
already available for many 
protein analytes 

• Detailed knowledge of the 
properties of the protein analyte 
is required  
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Future perspectives  

Given the broad range of possibilities and the rather generic nature of antibody-

free workflows for protein enrichment, we expect that the use of such methods 

will increase in the future as we continue to learn more about how to design and 

optimize them for a wider range of proteins and peptides. While antibody-based 

approaches are here to stay, we believe that antibody-free workflows will 

increase in importance (see Table 2 for an evaluation of pros and cons). This 

will also be driven by the increasing number of protein drugs in development 

and the associated need for more generic analytical approaches with reduced 

time for method development. 

 

For a systematic evaluation of antibody-free workflows, the relation between 

the physico-chemical properties of an analyte and its analytical behavior needs 

more attention. There is much knowledge that has been acquired over the years 

for preparative-scale protein purification, which has not been fully exploited but 

could be translated and used for analytical-scale applications.  
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