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Abstract

Tandem mass spectrometry (MS/MS)-based proteomic workflows with a bottom-up approach 

require enzymatic digestion of proteins to peptide analytes, usually by trypsin. Online coupling 

of trypsin digestion of proteins, using an immobilized enzyme reactor (IMER), with liquid 

chromatography (LC) and MS/MS is becoming a frequently used approach. However, finding 

IMER digestion conditions that allow quantitative analysis of multiple proteins with wide range 

of endogenous concentration requires optimization of multiple interactive parameters: digestion 

buffer flow rate, injection volume, sample dilution, and surfactant type/ concentration. In this 

report, we present a design of experiment approach for the optimization of an integrated IMER-

LC–MS/MS platform. With bovine serum albumin as a model protein, the digestion efficacy and 

digestion rate were monitored based on LC–MS/MS peak area count versus protein concentration 

regression. The optimal parameters were determined through multivariate surface response 

modeling and consideration of diffusion controlled immobilized enzyme kinetics. The results may 

provide guidance to other users for the development of quantitative IMER-LC–MS/MS methods 

for other proteins.
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Introduction

Quantitative analysis of proteins by liquid chromatography–tandem mass spectrometry (LC–

MS/MS) relies on mass selective detection of unique protein specific peptides that are 

released through site-selective proteolytic cleavage, usually done by trypsin. Enzymatic 

cleavage and quantification based on target peptides is an attractive approach because it 

allows direct measurement of multiple proteins in the same sample analysis.

The typical proteomics workflow includes predigestion denaturation, alkylation, reduction, 

overnight digestion, and solid-phase extraction or peptide-specific antibody affinity cleanup,
[1] leading to labor intensive, time consuming, and expensive workflows.[1–9] These 

workflows usually require the use of long digestion times to enhance digestion efficacy 

that increases detection of low concentration proteins and increased sequence coverage 

for discovery applications. However, for quantitative protein measurements, these multistep 

workflows present several sources of method bias and variability.

For targeted quantitative measurements, complete digestion is not a priority, if purified 

proteins are available as calibration standards and stable isotope labeled cleavage peptide 

analogs are used as internal standards. For quantitative proteomics, reproducibility and 

linearity in the concentration range of interest are the main priorities. A way to achieve 

better reproducibility is using a flow-through immobilized enzyme reactor (IMER), or “plug 

flow” reactor, that is online coupled with a LC–MS/MS system.[10–15] Precise control of 

digestion buffer flow rate and constant trypsin column void volume give integrated IMER-

LC–MS/MS systems enhanced method reproducibility.[10–13] Furthermore, because of the 

short digestion time (typically 2–6 min) and immediate transfer for LC–MS/MS analysis, 

potential degradation of the peptides cleavage products and internal standard analogs are 

minimized without the need for sample reduction and alkylation.[10]

Theory

The reaction kinetics of flow-through trypsin IMERs differ from homogeneous, in-solution 

enzyme reactions because of a stagnant solvent layer between the protein carrying mobile 

phase and the trypsin containing stationary phase (Figure 1).[16] Inside the IMER, which 

usually contains porous particles, the protein molecules carried by the mobile phase have to 

diffuse through the stagnant liquid layer around the particles and partition into the particle 

pores, where the trypsin cleavage reaction takes place. After cleavage, the peptide products 

have to leave the enzyme active site, partition into the stagnant mobile phase layer, diffuse 

into the bulk mobile phase, and be carried out of the IMER.

To describe IMER reaction kinetics, certain assumption is necessary. First, the IMER is 

assumed to be an ideal plug-flow reactor,[16] meaning that the substrate stream flows at 

an even velocity with no back mixing, all protein molecules have an equal opportunity 

for reaction, and all products emerge and elute with the mobile phase without retention or 

degradation. Second, each cleavage site on the protein is an independent reaction site that 

releases a unique cleavage product with a unique reaction rate and digestion efficacy. Third, 

with large excess of immobilized trypsin inside the pores, each cleavage reaction is fast 
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relative to the rate of protein diffusion into the pores. With these assumptions, the diffusion 

of the protein substrate into the pores and the peptide products from the pores are linked in a 

steady-state equilibrium:

kLS × ([S0] − [S]) = kLP × ([P] − [P0]) (1)

where kLS and kLP are the mass transfer coefficient of the protein substrate and peptide 

products, respectively. [S0] and [P0] are the concentration of the protein and peptide in the 

bulk mobile phase and near the diffusion boundary, while [S] and [P] are corresponding 

concentrations in the partition boundary (Figure 1.). kL = Di/δ, where Di is the diffusion 

coefficient of the protein or peptide, and δ is the thickness of the stagnant mobile phase 

layer. The driving force of the protein diffusion is [S0] − [S] whereas the driving force of the 

peptide diffusion is [P] − [P0]. If [S0] ≫ [S] and [P] ≫ [P0], a simplified form of equation 

(1) can be used:

kLS × ([S0]) = kLP × ([P]) (2)

In the case of an integrated IMER-LC–MS/MS system, the peptides are recovered on a 

trapping column, and after the digestion, a divert valve switch allows the transfer of the 

cleavage products into the online coupled LC–MS/ MS system. Thus, if nP is the mole 

amount of peptide produced in the IMER and Volinj is the injected sample volume, the 

average concentration of the product in the injection plug leaving the IMER (different from 

[P0] which is at the diffusion boundary) can be given by

[Pout] = nP

Volinj
(3)

From [Pout] and the protein concentration in the sample, [Sinj], the IMER performance can 

be evaluated with the digestion efficacy (χ) calculated by

χ = [Pout]
[Sinj] (4)

The average IMER cleavage rate (v̄) can be calculated from [Pout] and the reaction time (tR),

v = [Pout]
tR

(5)

By calculating tR from the column void volume (Volcol) and the volumetric flow rate of the 

digestion buffer (F), (tR = Volcol/F), and using equations (3) and (4), the average peptide 

cleavage rate can be also expressed as

v = χ × F
Volcol

× [Sinj] (6)
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In application for quantitative measurement of [Sinj] in unknown samples, an LC–MS/MS 

peptide peak area versus [Sinj] calibration curve needs to be constructed. The goal of the 

method optimization is to find a workable concentration range where the calibration curve 

is approximately linear whereas the signal-to-noise ratio is sufficient for reproducible and 

sensitive concentration measurements. For this optimization, the LC–MS/MS peak areas can 

be monitored to get relative estimates of [Pout], χ and v̄ by the following calculations:

[Pout] [area]
Volinj

(7)

χ [area]
[Sinj] × Volinj

(8)

v [area]
Volinj

× F
Volcol

(9)

In this work, digesting bovine serum albumin (BSA) with a commercial immobilized 

trypsin column, we examined the empirical interrelationship among detergent concentration, 

[Sinj], F, and Vinj using design of experiment (DoE), and multivariate correlation analysis 

approach.

Experimental

The materials, the IMER-LC–MS/MS instrumentation, and the DOE methodology are 

described in detail in the Supporting Information. The digestion buffer was 50 mM Tris 

and 2 mM CaCl at pH 8.4. The Trypsin column dimensions were 2.1 mm × 33 mm from 

Perfinity Biosciences (West Lafayette, IN, USA).

We performed four experiments with method parameters as summarized in Table 1. For 

each experiment, design tables were created using JMP Statistical Discovery software 

(SAS Institute Inc., Cary, NC, USA). We used either Invitrosol (Thermo Fisher Scientific, 

Waltham, MA, USA) or Zwittergent 3–12 (EMD Millipore, Billerica, MA, USA) as 

detergents added only to the sample.

For each monitored product ion, the absolute LC–MS/MS peak area [abs. area] was divided 

with the maximum peak area during each experiment of 1–4, giving normalized peak areas, 

[n.area]. After examination of the [n.area] versus [Sinj] curves, four BSA peptides were 

selected for optimization, based on agreement between corresponding [n.area] versus [Sinj] 

product ion curves. Normalized linear regression slopes were also modeled (Supporting 

Information), [n.area] = [n.slope] × [Sinj] + intercept.

Results

The effect of temperature was examined separately. The minimum temperature that still 

gave significant improvement in all detectable peptide peak areas was 50°C (Supporting 

Information), which was used for all other experiments.
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Based on experiments 1–4, Zwittergent 3–12 in the range of 0.05–1% concentration 

gave twofold higher LC–MS/MS peptide signal intensities than Invitrosol in the range of 

0.05 × −2.5× (at same BSA concentration). Representative experimental peak area versus 

BSA concentration profiles are shown in Figure 2. At relatively high detergent and BSA 

concentration, Experiments 1 and 2, the profiles showed a negative curvature (Figure 2a and 

2b), while at low detergent and BSA concentration, experiments 3 and 4 showed positive 

curvature (Figure 2c and 2d).

Response surface modeling

For finding a workable concentration range where the calibration curve is approximately 

linear, and for better understanding the underlying interrelationships (cross-effects) between 

the method parameters, we constructed multivariate least-squares fit response surface 

models based on experiments 1–4. We used equations (6)–(8) to estimate relative [Pout], 

χ and v̄. The response surface prediction profiles with Zwittergent (Experiments 2 and 4) 

are shown in Figures 3 and 4, whereas Invitrosol (Experiments 1 and 3) are shown in the 

Supporting Information.

The least-squares fit models revealed several direct and cross-parameter effects. Similarly 

to the observed profiles in Figure 2, the [n.area] versus [Sinj] and [Pout] versus [Sinj] the 

multivariate model predicted profiles had a negative curvature above 1000 nmol/mL BSA 

concentrations (Figure 3) and a slightly positive curvature under 20 nmol/mL (Figure 4). 

The model predicted [n.area] and [Pout] profiles corresponded with the χ versus [Sinj] and v̄ 
versus [Sinj] profiles approaching a minimum at both high and low BSA concentrations.

The model predicted χ and v̄ increased with Zwittergent concentration, indicating 

enhanced IMER performance. However, above 0.1% Zwittergent [above the critical micelle 

concentration (CMC) of Zwittergent 3–12], the effect is diminished. At the same time, 

increasing Volinj had a positive effect on [n.area] only at low BSA concentration. Increasing 

F had a negative effect on [n.area] and [Pout] at low BSA concentrations but no significant 

effect at high BSA concentration (Figure 3 versus Figure 4).

The curvature of the model-predicted profiles was the result of significant cross effects: 

[Sinj] × F, [Sinj] × Volinj, F × Volinj, [detergent concentration] × Volinj, and [detergent 

concentration] × F cross-effects. Because of these cross effects, the LC–MS/MS signal 

response versus [Sinj] relationship is approximately linear only in a relatively narrow protein 

concentration range and experimental conditions. Finding this narrow range of optimal 

conditions for quantification can be a complex and time-consuming task by trial and error. 

Fortunately, the DOE approach is especially helpful for this kind of optimization problem.

Discussion

In an ideal plug-flow trypsin IMER, there is enough immobilized trypsin to keep the protein 

concentration at the partition boundary to be low, [S0] ≫ [S], and removal of the products 

is efficient to keep peptide concentration near the diffusion boundary to be low, [P] ≫ [P0]. 

With these conditions, the LC–MS/ MS response as a function of [Sinj] would be always 

linear. However, in actual application, at high protein concentration, there is not an excess 
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of immobilized trypsin, and the cleavage product removal is less efficient. Furthermore, 

concentration gradients of the protein and the peptide near the porous particle surface 

are influenced by both the charge and hydrophobicity of the surface, which can lead to 

accumulation of both the protein and the peptide at the partitioning boundary, as represented 

by dashed lines in Figure 1. These non-idealities exhibit themselves in positive or negative 

curvature as seen in the experimental data (Figure 2). Thus, in a wider concentration range, 

the [abs.area] versus [Sinj] relationship follows an S-shaped curve, with an approximate 

linear range in the middle. The goal of the optimization is the identification and extension of 

this linear range for rugged and reproducible quantitative analysis.

Effect of protein concentration in the injection solution

At low (0.05–10 nmol/mL) BSA concentrations, we observed significant positive curvature 

for the experimental [abs.area] versus [Sinj] profiles (Figure 2c and 2d). This is most likely 

because a minimal level of [S0] and [P] is necessary at the partition boundary to induce 

peptide diffusion across the stagnant solvent layer and subsequent product elution from the 

IMER (driven by the ([P] − [P0]) concentration difference). With further increase of [Sinj], 

[n.area] versus [Sinj] steadily increases in an approximately linear fashion. However, as the 

decline of χ versus [Sinj] and v̄ versus [Sinj] shows (Figures 3 and 4), the cleavage product 

formation both per injected protein amount and per reaction time is gradually declining. 

This decline starts to occur at quite low, approximately 1 nmol/mL BSA concentration and 

gradually continues up to approximately 1000 nmol/mL. At very high BSA concentrations, 

>1200 nmol/mL, [n.area] versus [Sinj] curves have negative curvatures. At the same time, the 

χ versus [Sinj] and v̄ versus [Sinj] profiles are flat. Therefore, 1000–1200 nmol/mL is the 

point where the [S0] ≫ [S] assumption begins to fail, because the amount of immobilized 

enzyme becomes a peptide cleavage rate controlling factor.

Thus, the diffusion limited nature of the immobilized trypsin digestion, column surface 

area, and immobilized trypsin load per surface area are the main limiting factors of the 

approximate linear response range of the IMER, i.e., lower and upper limits of quantification 

(LLOQ and ULOQ). But LLOQ and ULOQ can be influenced by detergent addition and 

adjustment of Vinj and F, as discussed below.

Effect of detergent type and concentration

The profiles of [n.area], χ and v̄ versus detergent type and concentration can be rationalized 

with two possible effects of the detergent: (1) enhanced protein denaturing, which makes the 

peptide sequences more accessible to cleavage and accelerates peptide production; and (2) 

increased solubility of the peptide products in the mobile phase, facilitating their removal 

from the IMER.

Zwittergent 3–12 has a CMC of 2–4 mM (0.07–0.15%). The CMC of Invitrosol 

was unknown, being a proprietary detergent mix. Nevertheless, based on the effect of 

Zwittergent, the main difference in experiments 1/2 versus 3/4 was that the detergent 

concentration was approximately above versus under the CMC, respectively. This is most 

likely the reason that increasing the detergent concentration enhanced the LC–MS/MS 

signal intensities significantly only at <0.1% Zwittergent and <1× Invitrosol concentrations. 
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Therefore, the CMC of the detergent is an important consideration in selecting detergents 

and their concentration for enhancing IMER trypsin digestion.

Effect of mobile phase flow rate

The flow rate (F) has two main effects: (1) to determine the reaction time, tR = Volcol
F

and (2) to determine the efficacy of product removal from the IMER, especially if the 

peptide product has some affinity to the particle surface leading to its accumulation at the 

partitioning boundary (Figure 1, dashed red line).

In general, increasing F had a negative effect on χ due to shorter tR. However, increasing F 
seemed to have much less or no negative effect at higher [Sinj] (Figure 3 versus 4). This is 

most likely because at higher [Sinj], the negative effect of the reduced tR is compensated by 

a positive effect, which is the more effective removal of the cleavage products. Therefore, in 

terms of application to protein quantification, increasing F results in less method sensitivity 

and a higher LLOQ, but it can also help to increase the ULOQ.

Effect of injection volume

The injection volume (Volinj) can have two main effects: (1) larger Volinj increases the 

amount of protein passing through the IMER; therefore, the amount of peptides collected 

on the trapping column is also increased, enhancing LC–MS/MS signal intensity; and 

(2) if the protein has some affinity to the particle surface through ionic, H-bonding, and 

van der Waals interactions, increasing Volinj can cause accumulation of the protein at the 

partitioning boundary, despite the excess of trypsin in the pores (Figure 1, blue dashed line). 

Consequently, [S0] is no longer the sole cleavage rate determining factor.

Even at relatively low BSA concentrations <2 nmol/mL, the benefits of increasing Volinj 

above 100 μL reached its limit by all measures (Figures 4). At BSA concentrations >2 

nmol/mL (especially at low F), increasing Volinj had a significantly negative effect on χ and 

v ̄ (Figure 3). Therefore, increasing Volinj results in better LC–MS/MS sensitivity only at low 

protein concentration and lowers the LLOQ, but at the same time, also lowers the ULOQ, 

overall leading to more narrow linear dynamic range.

Optimization

The JMP software also allowed the combination of each y-outcome, [n.area], [Pout], χ, and 

v ̄ with individual weight functions (desirability) on a scale of 0–1 (shown in the Supporting 

Information). Taking advantage of this interactive software function of JMP, we selected 

the optimum value of the method variables in the following order and considerations. 

Zwittergent was chosen as detergent because overall it gave better LC–MS/MS sensitivity 

than Invitrosol. The optimal Zwittergent concentration range was at 0.15–0.2%, near the 

CMC of Zwittergent. The optimal range of F was 25–30 μL/min; with minimum negative 

effect on χ and v̄. The optimal range of Volinj was 25–50 μL by maximizing LC–MS/MS 

signal intensity at low BSA concentrations while avoiding the saturation of the IMER at 

high BSA concentrations.
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With the above method conditions, the linear quantification range for BSA in the injection 

solution was approximately 1–500 nmol/mL. As a test of the accuracy of the empirical 

model predictions, we performed an experiment where we set the flow rate at 25 μL/min, 

and injected 50 μL of BSA samples at <500 nmol/mL. As predicted, the optimal Zwittergent 

concentration that still gave improvement in LC–MS/MS dilution curve slopes was 0.2% 

Zwittergent concentration in the injection solution (Figure 5).

Conclusions

Optimization of immobilized trypsin digestion for quantitative LC–MS/MS analysis can 

be a very tedious and time-consuming task by trial-and-error approach. By applying the 

DoE approach for optimization, we gained insights into the physicochemical behavior 

of a trypsin IMER as well as finding the optimal conditions for analysis of our model 

protein. It is important to note that the optimal conditions in this work apply only to our 

specific trypsin column dimensions, detergents, digestion buffer composition, and protein 

concentration range. In this report, we examined the digestion of only one protein, and we 

did not examine biological matrix effects. However, we mention that we applied the optimal 

conditions found for BSA to the online trypsin digestion-coupled LC–MS/MS quantification 

of apolipoproteins in serum using a value assigned serum pool as the calibrator.[15] The 

dilution series of the calibrator pool and unknown sera were diluted 100-fold before analysis 

to adjust to the optimal protein concentration range found in this work. The resulting 

linear quantification range of the apolipoproteins was similar to that of BSA. We hope that 

the insights we shared here based on BSA will provide guidance to other users to more 

effectively optimize the quantitative analysis of proteins at applicable concentration ranges 

in biological matrices and take advantage of this powerful technology.
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Figure 1. 
Schematic showing the concentration gradients of proteins and peptide cleavage products 

produced around a porous particle with immobilized trypsin. [Sinj], [S0], and [S] are the 

concentration of the protein substrate in the injection plug, at the diffusion boundary and at 

the partition boundary, respectively. [P], [P0], and [Pout] are the concentrations of the peptide 

product at the partition boundary, at the diffusion boundary and in the injection plug leaving 

the IMER, respectively. [ES] is the concentration of immobilized enzyme/protein complex 

inside the pore. The continuous blue line represents the concentration gradient of the protein 

(substrate, S). The dashed blue line represents the concentration gradient of the protein if 

partitioning on the particle surface occurs. The red line represents the concentration gradient 

of the peptide (product, P). The dashed red line represents the concentration gradient of 

the peptide if partitioning on the particle surface occurs. Note: IMER, immobilized enzyme 

reactor.
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Figure 2. 
Representative experimental peak area versus BSA concentration profiles at 100 μL 

injection volume and 25 μL/min flow rate using Invitrosol (a and c) and Zwittergent (b 

and d) as detergent. BSA concentrations: a and b, 2–2000 nmol/mL; c, 0.05–1 nmol/mL; and 

d, 0.02–20 nmol/mL. Note: BSA, bovine serum albumin.
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Figure 3. 
Response surface prediction profiles based on Experiment 2 in Table 1, using BSA (2–2000 

nmol/mL) and Zwittergent detergent (0.05–1%). [n.area]: normalized LC–MS/MS peak 

areas (R2 = 0.92); [Pinj]: peptide concentration in the injection plug leaving the IMER (R2 

= 0.87), χ: digestion efficacy (R2 = 0.29), and v̄: digestion rate (R2 = 0.30). Note: BSA, 

bovine serum albumin.
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Figure 4. 
Response surface prediction profiles based on experiment 4 in Table 1, using BSA (0.02–20 

nmol/mL) and Zwittergent detergent (0.01–0.2%). [n.area]: normalized LC–MS/MS peak 

areas; (R2 = 0.90); [Pinj]: peptide concentration in the injection plug leaving the IMER (R2 

= 0.77); χ: digestion efficacy (R2 = 0.32); and v̄: digestion rate (R2 = 0.32). Note: BSA, 

bovine serum albumin; IMER, immobilized enzyme reactor.
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Figure 5. 
Bovine serum albumin (BSA) dilution curves of a representative peptide (BSA. 

LGEYGFQNAIVR) at 0–0.4% Zwittergent 3–12 concentration in 50 μL injection volume 

and at 25 μL/min digestion buffer flow rate. (a) LC–MS/MS peak areas versus BSA 

concentration curves. (b) Dilution curve slopes versus Zwittergent concentration profiles 

for nine BSA peptides.
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