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CHAPTER 6

Improvement of Recovery and Repeatability in Peptide

Analysis

6.1 Introduction

Nowadays (two-dimensional) liquid chromatography coupled to (tandem) mass

spectrometry (2D-LC-MS/MS) is one of the main techniques applied for pro-

teomics analysis. Briefly, proteins are first digested with an enzyme to yield

proteolytic peptides. The resulting complex peptide sample is chromatographi-

cally separated and the eluting peptides are detected and characterised with mass

spectrometry. 2D-LC-MS/MS systems have proven their capability for qualita-

tive analysis of proteins in proteomics; however, quantitative analysis is still a

challenge due to the considerable variation in absolute peak intensities or peak

areas. In the experiments described in this study, relative standard deviations

(RSD) of as much as 80-90% were observed. Labeling techniques or addition of

internal standards may alleviate the problem [1,2]. Most of these methods rely on

relative quantification, by means of either differential labeling [3, 4] or standard

addition with a well characterised peptide mixture [5]. However, these techniques

require additional sample handling and increase sample complexity and the risk

of ionisation suppression. Furthermore, in the case of standard addition, peptides

and standards may still differ sufficiently in their characteristics to impair good
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134 Chapter 6. Improvement of Peptide Recovery

normalisation for every single peptide in a sample. Last but not least, none of

these techniques addresses the sensitivity issue related to limited solubility, which

may often underlie the variability problem observed.

For proteins it is well known that hydrophobic hydration [6] and interaction with

surfaces can give rise to their loss from solution through adsorption and / or

aggregation [7–9]. However, the adsorptive behavior of poly- and oligopeptides

at low concentrations, as often encountered in proteomics research, is less well

studied and documented. For Calcitonin, a 32-amino-acid hormone, adsorption

from solutions in the µM range to glass and polypropylene has been shown to

be significant [10,11]. The influence of pH, container material and surfactants on

adsorptive behavior has been studied [10,11]. The use of surfactants as a pharma-

ceutical excipient to reduce adsorptive losses of this polypeptide in pharmaceutical

formulations was suggested. For the analysis of Calcitonin in serum using LC-MS,

however, surfactants may not be used, as these compounds are not compatible

with MS measurements. A water / acetonitrile (ACN) reconstitution solvent was

suggested instead [12], with a 57%-ACN-in-water mixture proving effective for

preventing adsorption to container surfaces at 50 nM concentrations. When not

applying MS detection, a surfactant may be safely applied to avoid container ad-

sorption, as shown for the quantification of a 36-amino-acid inhibitor of HIV-1

membrane fusion by LC down to a concentration level of about 50 nM [13].

Adsorption has also been shown to play an important role in the quantitative

analysis of individual oligopeptides at the µM-concentration level [14–16]. A de-

tailed study of the adsorption process and options to avoid adsorption were sepa-

rately published for the decapeptide, Cetrorelix [17], and the cyclic heptapeptide,

microcystin-LR [18]. For Cetrorelix, adsorptive losses to vial surfaces was studied

as a function of analyte concentration down to the µM level, vial type, dissolu-

tion medium and pH, as well as surfactant additives. Adsorption was observed

to follow a Langmuir isotherm, and reducing adsorption by addition of modifiers

(ethanol, acetic acid, surfactants) was accompanied by a decrease in response

variability. For mycrocystin-LR, investigation of adsorptive losses during labo-

ratory manipulation of the sample showed that processes like repeated pipetting

led to cumulative losses. In addition, losses in microcentrifuge tubes could be

significant, depending on the tube material, but could be avoided when using a

dissolution medium containing >25% methanol (MeOH).

For the quantitative analysis of mixtures of proteolytic peptides at the low con-

centrations often encountered in proteomics studies (nM), systematic studies con-

cerning the effect of adsorptive losses have, to the best of our knowledge, not yet

been performed. Detection and quantification of proteolytic peptides at this con-
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6.2. Experimental 135

centration level can be of utmost importance in finding biomarkers for disease

pathology or metabolic activity, for example. Losses and variability resulting

from adsorption to the surfaces of vials or other analytical components can be

detrimental in such studies.

This publication focuses on methodology for improving repeatability and recovery

in the analysis of a model mixture of proteolytic peptides at the nM concentration

level using LC-MS. As repeatability and recovery issues were already apparent

when applying 1D-LC-MS, a simple LC-MS system was used for all experiments.

The system was miniaturised using a capillary monolithic reversed-phase (RP)

column, since nanoLC-MS is often required in proteomics to achieve adequate

sensitivity. Using this system, it is demonstrated that poor recovery of peptides

from the sample vials at the nM concentration level is the primary cause for the

quantification problems observed.

Peptide interactions with solvents and surfaces will differ, depending on the side

chains of the amino acids making up a peptide. Whether a peptide remains in

solution or not depends on these interactions. The influence of both solvent com-

position and vial surface on peptide solubility in a model sample has been stud-

ied. Fundamental physico-chemical aspects influencing solubility are considered

in specific cases.

6.2 Experimental

6.2.1 Chemical reagents

Acetonitrile (ACN, Supra gradient) and methanol (MeOH, HPLC grade) were

purchased from BioSolve B.V. (Valkenswaard, The Netherlands). HPLC-grade

water was prepared by passing demineralised water through an Elgastat Maxima

ultrapure water system (ELGA, High Wycombe, UK). Formic acid (FA, ultra-

pure, 98-100%), acetic acid (HAc, 100%), acetone (ACT, 99.5%) and potassium

chloride (KCl, 99.5%) were purchased from Merck KGaA (Darmstadt, Germany).

Dimethyl sulfoxide (DMSO, 99.5%) was purchased from Fluka (Buchs, Switzer-

land). Bovine-heart cytochrome c, trypsin, calcium chloride (CaCl2 99.0%), am-

monium bicarbonate (NH4HCO3, 99.5%) and ammonium formate (NH4OOCH,

99.995+%) were purchased from Sigma (St. Louis, MO, USA).
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136 Chapter 6. Improvement of Peptide Recovery

6.2.2 Materials

Fused-silica capillaries (50-100 µm ID, 360 µm OD) were obtained from Compos-

ite Metal Services Ltd. (Ilkley, UK). Capillary tubing connections to the HPLC

pump and the injection and switching valves were made with 1/16-inch Valco

connections with short 0.020-inch ID PEEK sleeves (Houston, TX, USA). The

Teflon tubing (1/16-inch OD and 0.3-mm ID) for butt-connecting the analytical

column and the ESI emitter was from Supelco (Bellefonte, PA, USA). The tub-

ing connections between the trap column and the analytical column were made

with MicroTight fittings and tees purchased from Upchurch Scientific (Oak Har-

bor, WA, USA). The trap column (50 * 0.2 mm) and the analytical column (500

* 0.050 mm) were both monolithic C18 columns and were fabricated by Merck

(Darmstadt, Germany) for research purposes using a similar method to that re-

ported in [19]. The gold-coated ESI emitter (50-µm ID * 360-µm OD), tapered to

10 ± 0.5 µm, was obtained from NanoSeparations (Nieuwkoop, The Netherlands).

Class A borosilicate glass vials, deactivated class A borosilicate glass vials, and

polypropylene vials were purchased from Waters (Milford, MA, USA). The de-

activated glass vials have been treated with a gas-phase reactive organosilane to

produce a hydrophobic glass surface. The volume of the glass vials is 1.5 mL,

whereas the volume of the polypropylene vials is 350 µL.

6.2.3 Instrumentation

The automated LC-MS system consisted of an Agilent 1100 Series LC system with

low-pressure mixing (Palo Alto, CA, USA), an Endurance autosampler (Spark

Holland, Emmen, The Netherlands) and an API 2000 triple quadrupole mass

spectrometer (Sciex, Toronto, Canada). The autosampler was equipped with

a 250-µL Kloehn syringe and a 10-µL injection loop. For all experiments, the

sample was injected in full-loop injection mode and tray cooling was set at 4°C.

Detection was performed on the API 2000 triple quadrupole mass spectrometer,

using a microelectrospray ionisation interface (micro-ESI, Figure 6.1) based on the

commercially available MicroIonSpray interface from Sciex (Toronto, Canada) and

modified in-house to render it suitable for the API 2000. Particular attention was

paid to the reduction of post-column dead volume introduced by the interface.

The commercial interface contains a micro volume union to connect the column to

the spray tip and requires a relatively long spray-tip (5 cm) (Figure 6.1). The dead

volume introduced by the micro volume union and the spray-tip resulted in extra

peak broadening at the flow rate applied (800 nL/min). To minimise post-column

dead volume, the column was butt-connected to a gold-coated tip 1 to 1.5 cm long
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6.2. Experimental 137

(50 µm ID tapered to 10 µm), using a Teflon sleeve. For this purpose, the hole in

the micro volume union was increased to 400 µm to allow the analytical column

to be guided through it. The voltage is directly applied to the gold-coated tip via

a cogwheel-shaped metal spacer. The spacer was slid over the tip on the inside

of the metal holder, and carbon paste was applied to ensure a good electrical

connection. The resulting microESI is suitable for low-nanoliter-per-minute up

to microliter-per-minute flow rates. The cogwheel shape of the spacer allows for

the pneumatic assistance option of the commercial interface to remain available.

At low-nanoliter-per-minute flows, the interface is operated without pneumatic

assistance. At the column flow rate applied (800 nL/min), signal intensity for the

sample peptides increased up to a nebuliser gas pressure of 3 psi. Increasing the

pressure of the nebuliser gas above 3 psi did not result in any further increase in

signal. The term ”nanoESI” is used throughout this publication to describe this

specific interface. For all the experiments described in this report, the ESI tip

was positioned slightly off-axis with respect to the orifice.

Column

Micro volume union

with 400-µm hole

Metal holder Tip

Cogwheel-shaped spacer

Column

Micro volume union

with 400-µm hole

Metal holder Tip

Cogwheel-shaped spacer

Figure 6.1: Sciex MicroIonSpray modified in-house for nanoflow conditions.

6.2.4 LC-system configuration

Figure 6.2 presents the LC system configuration, as previously presented by Meir-

ing et al. [20] and used for peptide analysis in this study. A restriction of 1500 *

0.075-mm fused-silica capillary is placed before the trap column to split the flow

at a ratio of 500-to-1. The six-port valve is used to control both the flow direc-
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138 Chapter 6. Improvement of Peptide Recovery

tion after the trap column and the on/off switching of the flow restriction before

the trap column. The tubing connections from the LC pump to the autosampler

were made with 100-µm-ID fused-silica capillary, and the connections between the

autosampler and the column were made with 75-µm-ID fused-silica capillaries.
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Figure 6.2: LC-system configuration used in this study. This set-up has been extensively

described by Meiring et al. [20].

6.2.5 MS and MS/MS parameters

MS source parameters were set to achieve optimised peptide signal intensity when

a 3-µM proteolytic peptide mixture in water: ACN: FA (95:5:0.1; v/v/v) was

directly infused into the MS. The flow rate was set at 800 nL/min.

Curtain gas was set at 25 psi, nebuliser gas (GS 1) at 2 psi and the ion spray

voltage at 3500 - 4200 volts. The settings for ion optics, declustering potential

(DP), focusing potential (FP), entrance potential (EP) and collision cell entrance

potential (CEP) depend on the m/z for the peptides monitored and were set as

in Table 6.1. Parameters for peptide fragmentation, collision energy (CE) and

collision cell exit potential (CXP) also depend on the initial m/z of the peptide

monitored and are included in the table. The collision gas (N2) pressure was set

at 2 psi.

6.2.6 Procedures

The wash solvent used to rinse the injection needle and buffer tubing of the

autosampler after an injection was 10 % ACN, 10 % DMSO, 10 % FA and 70 %

water.

For all experiments described, full-loop injection (10 µL) of a cytochrome c digest
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6.2. Experimental 139

Peptide m/z Q1 m/z Q3 DP FP EP CEP CE CXP

A 678.27 402.10 141.00 230.00 -10.50 26.00 37.00 10.00

B 634.33 374.10 126.00 260.00 -11.00 28.00 35.00 10.00

C 529.08 548.10 46.00 320.00 -11.00 18.00 23.00 12.00

D 729.05 1099.30 76.00 130.00 -9.00 34.00 29.00 28.00

E 779.31 520.00 136.00 200.00 -11.00 26.00 39.00 14.00

F 584.93 506.00 96.00 310.00 -8.00 26.00 25.00 12.00

G 482.87 494.10 36.00 290.00 -9.00 32.00 21.00 12.00

H 545.23 616.20 81.00 300.00 -9.50 16.00 29.00 16.00

J 713.67 841.20 61.00 300.00 -11.00 26.00 29.00 22.00

K 673.00 358.30 81.00 210.00 -11.50 32.00 23.00 8.00

Table 6.1: Ion optics and fragmentation parameters.

(CC digest) was performed. In total, 55 µL of sample was removed from the

vial for each injection, in order to flush the injection assembly thoroughly with

sample. Loading the sample onto the trap column is performed as described by

Meiring et al. [20]. Briefly, the splitter restriction is switched off and the flow is

directed through the trap column and further to wastes. The sample is loaded at

10 µL/min (loading time, 2.5 min). The loading buffer consisted of 0.1% FA in

water: ACN (99 : 1 v/v, pH ≈ 3). After loading the sample, the valve is switched

back, splitting the flow before the trap column at a ratio of about 500:1. The pump

flow is increased to 400 µL/min and the resulting flow through the column is 800

nL/min. The sample is eluted from the trap column onto the analytical column

where chromatographic separation takes place. In this configuration, the trap

column is operated in forward-flush mode [20]. Gradient elution of the analytical

column is performed, using 0.1% (v/v) FA in water (solvent A) and 0.1% (v/v)

FA in ACN (solvent B). A gradient starting at 3% solvent B and increasing to 55%

solvent B over 45 minutes is employed. Before the next sample is injected, both

the trapping column and the analytical column are equilibrated at 1% solvent B

for 10 minutes.

6.2.7 Sample preparation

A CC digest was chosen because it contains peptides with a wide range of polarities

and isoelectric points (pI, from 4 to 9.5).

CC was digested with trypsin. A 50-µL volume of CC protein (10 mg/mL) was

mixed with 12.5µL of trypsin (1 mg/mL in 50 mM HAc), 25 µL CaCl2 (100 mM
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140 Chapter 6. Improvement of Peptide Recovery

in water) and 412.5µL ammonium bicarbonate (100 mM in water, pH 8). The

solution was incubated at 37°C overnight with slight vortexing at 300 rpm in an

Eppendorf thermomixer. The digestion was stopped by diluting the solution 10

times with 0.1% FA in water.

Assuming complete digestion, a tryptic digest concentration of 83.3µM of each

peptide was obtained, which was used to calculate the peptide concentrations of

the injected samples. Sample peptide concentrations of 1.67, 8.33 and 16.7 nM

were prepared by stepwise dilution with the sample matrix. The composition

of the sample matrix was varied throughout this study and is presented in the

sections and figure captions below. Trypsin specifically cleaves peptide bonds

on the carboxyl end of arginine and lysine [21]. The peptides observed in this

study are presented in Table 6.2 and cover 80% of the amino acid sequence of

bovine-heart CC.

Peptide Sequence m/z Charge Retention pI

(min)

A YIPGTK 678.3 1+ 11,16 8,59

B IFVQK 634.3 1+ 12,29 8,75

C KTGQAPGFSYTDANK 529.1 3+ 16,01 8,50

D TGQAPGFSYTDANK 729.0 2+ 17,43 5,50

E MIFAGIK 779.3 1+ 21,63 8,50

F TGPNLHGLFGR 584.9 2+ 22,02 9,44

G EDLIAYLK 482.9 2+ 25,08 4,34

H IFVQKCAQCHTVEK 545.2 3+ 27,86 8,06

J GITWGEETLMEYLENPKK 713.6 3+ 30,68 4,49

K GITWGEETLMEYLENPK 1005.7 2+ 32,41 4,09

Table 6.2: Peptides observed for a CC digest. Note that peptides C, H and J have a missed

cleavage.

6.3 Results and discussion

Repeatability for the instrumental set-up was assessed using five sequential in-

jections of 167 femtomoles in 10µL (16.7 nM) of the CC digest in mobile phase

(0.1% FA in water) from the same sample vial. RSD values observed for absolute

peak area of the individual peptides ranged from 15 to almost 90%. As RSD is

especially poor for the late eluting peptides (peptides H, J and K), there appears

to be a correlation with hydrophobicity.
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Figure 6.3: Relative standard deviation (RSD) for peak areas for the individual peptides (see

Table 6.2) for repeated (n=5) injections of CC digest (167 femtomole in 10µL) as

a function of retention time. Sample matrix: 0.1% formic acid in water.

As originally established by Cowan and Whittaker [22], the average hydropho-

bicity of peptides is adequately expressed by retention time in reversed-phase

chromatography. Therefore, retention time is used as a measure of hydrophobic-

ity throughout this study. RSD as a function of retention time is presented in

Figure 6.3. As can be seen, there is a clear correlation of RSD with retention time,

with the exception of peptides A and G. For peptide A, it should be noted that

breakthrough on the C18 trap column was observed at ACN percentages of the

sample loading solvent as low as 2 - 3%. Therefore, the relatively high RSD for

this peptide is probably due to variable losses during sample loading. For peptide

G, no obvious causes can be given for the deviation from the correlation between

RSD and retention time. In general, it can be concluded from Figure 6.3 that the

RSD for absolute peak area increased with the hydrophobicity of the peptides, up

to RSD values exceeding 80%. Especially at these high RSD values, it would be

impossible to perform quantitative analyses without using an internal standard
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142 Chapter 6. Improvement of Peptide Recovery

or a stable-isotope labeling technique. Without normalising against an internal

standard, LOD values of about 30 to 40 femtomole (3 - 4 nM in 10 µL) for the

hydrophilic peptides to about 100 to 200 femtomole (10 - 20 nM in 10 µL) for the

hydrophobic peptides were obtained. It was postulated that the large variability

in peak areas observed might be due to limited peptide solubility in the sample,

loading buffer, or eluent, leading to losses, especially for the more hydrophobic

peptides. Alternatively, ion evaporation in the electrospray process interfacing

LC with MS can be influenced by compound hydrophobicity [23, 24], leading to

variability in the MS signal. Both possibilities were investigated.

6.3.1 Electrospray stability and variable ionisation efficiency

It is well known that organic modifiers exhibit a positive influence on spray sta-

bility and ion evaporation when coupling liquid chromatography with mass spec-

trometry through ESI interfacing [23–25]. Since gradient elution is applied for

chromatographic separation of the CC peptides, the late eluting hydrophobic pep-

tides enter the ESI interface at a relatively high organic modifier percentage (≈
40% ACN), which should in fact favor solvent- and ion evaporation. Given that

RSD values for these peptides are very high, increasing the modifier percentage

even further is not expected to provide a very significant improvement in RSD.

Changing the modifier type is an interesting option, however. Recently, Borges

and Henion [25] and Szabo and Kele [26] obtained improved results when adding

DMSO for direct-infusion ESI-MS of hydrophobic compounds, including a syn-

thetic hydrophobic peptide. Szabo and Kele observed an improvement in signal

intensity at the m/z values for the protonated and sodiated analytes when solu-

tions in pure DMSO were electrosprayed by direct infusion. They attribute the

signal intensity improvements observed to improved solubility of the compounds

studied. In addition, Borges and Henion found that sensitivity and spray stabil-

ity are adequate when applying DMSO as the solvent for direct-infusion ESI-MS

of some hydrophobic basic drugs. Furthermore, sensitivity was enhanced when

applying DMSO in combination with water and formic acid.

We studied the effect of DMSO in direct-infusion nanoESI-MS of an 8.3-µM CC

digest. The CC digest was dissolved in water containing 0.1% formic acid (v/v)

and 0, 1, 2.5, 5 or 10% DMSO (v/v). Signal intensity and the RSD thereof did

not improve over this range of DMSO concentrations. On average, signal in-

tensity decreased with increasing DMSO concentration, an effect that was more

pronounced for the hydrophobic than the hydrophilic peptides. The RSD of the

signal intensity (i.e. spray stability) remained largely unaffected. Adding a small
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percentage of DMSO (0.1%) to the mobile phase for LC-ESI-MS also did not im-

prove repeatability for the CC peptides in LC-ESI-MS (data not shown).

Hence, solubility issues during the electrospraying and / or ionisation process as

observed by Szabo and Kele [26] do not apply for the model sample of proteolytic

peptides used in this study. In agreement with Borges and Henion [25], spray

stability remained adequate when applying DMSO, but sensitivity improved with

a decreasing percentage of DMSO in the electrospraying solvent. As the RSD

on signal intensity remained largely unaffected by the DMSO percentage, it was

concluded that the large RSD values for observed peak area for our model sample

of proteolytic peptides must originate from solubility issues prior to interfacing

LC with MS.

6.3.2 Improving solubility to decrease adsorption

DMSO, along with some other polar aprotic solvents, has the unique property that

it efficiently dissolves both polar and apolar compounds. It is frequently applied

for solubilisation of peptides and proteins for biological and biochemical stud-

ies [27], synthesis and isolation [28–31], (conformational) studies with NMR [32],

spectrophotometric [33] or other techniques [34], as well as for pharmaceutical

formulations [35]. Solubility is also a known issue in proteomics analysis of hy-

drophobic proteins and peptides with ESI-MS [36]. However, to our knowledge,

only the direct-infusion study by Szabo and Kele [26] demonstrates the applicabil-

ity of DMSO for solubilisation of a hydrophobic peptide for LC-MS analysis [26].

DMSO-water mixtures show a good peptide-solvent interaction. DMSO promotes

hydrogen bonding with water molecules, while efficiently solvating hydrophobic

parts of solutes, thus creating a favorable network with water for dissolving pep-

tides [31].

Dissolving the CC digest in water: FA: DMSO (90:5:5, v/v/v, pH ≈ 2) showed an

improvement in RSD of peak area for each of the CC peptides monitored. Exper-

iments were performed at three concentration levels (1.67, 8.33 and 16.7 nM CC

digest), each analysed in triplicate. For every peptide, at each concentration level,

RSD of peak area improved by a factor of 3 to 10, with a few exceptions where

the improvement was even bigger. With the exception of the peptides eluting last

(peptides H, J and K), the RSD of peak area was now at about or below 10%. For

peptides H, J and K, the improvement was generally best, but RSD values were

still on the order of 10 to 20%. When using the data obtained to fit calibration

curves, an improvement of the regression coefficient (R2) was also observed. This
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144 Chapter 6. Improvement of Peptide Recovery

improvement was limited for early-eluting peptides, with a sensitivity gain1 of a

factor of ≈ 1.35 peptides C and D. However, a factor of up to 2.5 improvement

was obtained for peptides F, H, J and K. The R2 was between 0.97 and 0.999 for

all peptides monitored, with an exception for peptides J and K (R2 was 0.89 and

0.83, respectively).

Some improvement in the RSD of peak area was also observed when only increas-

ing the FA percentage to 5% (pH ≈ 2), without addition of DMSO, or when only

adding 5% DMSO, but keeping the FA percentage at 0.1% (pH ≈ 3). However,

the observed effect was limited as compared to the situation where both the FA

percentage was increased to 5% and 5% DMSO was added to the sample. Espe-

cially for peptides J and K, the separate effects of increasing the FA percentage

or adding DMSO was almost negligible.

The beneficial effect of increasing the FA percentage in the sample from 0.1 to

5% may well be due to the accompanying decrease in pH from ≈3 to ≈2, which

in turn results in reduced electrostatic interactions between the peptides and the

vial wall (silanol groups). However, an FA percentage of 5% is sufficiently high

to have a direct effect on peptide solvation as well.

6.3.3 Adsorption to different vial materials

To evaluate how remaining adsorptive effects depend on the vial surface mater-

ial, three different vial types were evaluated. In previous experiments, only glass

vials were used. In addition to these, organosilane deactivated glass vials and

polypropylene vials were tested in the following experiments. An 83-femtomole

CC digest sample (10 µL, 8.33 nM), diluted in 5% DMSO and 5% FA, was injected

from each of these vial types (n=10, from a different vial for each repetition). For

all but the late-eluting, most hydrophobic peptides (peptides H, J and K), peak

area was essentially independent of vial type. The results for one of the early-

eluting peptides (peptide C) and peptide J are presented in Figure 6.4. For the

more hydrophilic peptide C, hardly any effect of vial surface material was ob-

served. Only for the most hydrophobic vial type, a very limited decrease in peak

area as compared to the other two vial types might exist. However, peak area

for peptide J decreases with increasing hydrophobicity of the vial surface (Peak

area: glass >organosilane deactivated glass >polypropylene). Thus, adsorption

to the vial surface results from hydrophobic interactions, which are much more

pronounced for the hydrophobic than for the hydrophilic peptides in the model

sample of proteolytic peptides.

1Increase in the slope of the calibration curve.
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Figure 6.4: Effect of vial type on peak area for repeated (n=10) CC digest injections (83.3

femtomoles in 10 µL), normalised to the situation for glass vials. Peptide C: shaded

bars; peptide J: blank bars. Sample matrix: 5% FA and 5% DMSO in water.

For peptide J, the standard deviation on peak area is exceptionally large when

using glass vials. The effect is also observed for the other two most hydropho-

bic peptides, H and K. This variability is perhaps due to vial-to-vial differences

in surface characteristics. Given the effect on average peak area for the most

hydrophobic peptides, glass vials were selected for all further experiments. To

obtain a further decrease in RSD values for these peptides, a higher percentage

of DMSO in the sample, rather than a more hydrophobic vial type, was consid-

ered. A further increase in FA percentage, thereby lowering pH below ≈2, was

not expected to have a further positive effect on decreasing electrostatic interac-

tions with silanol groups. Moreover, DMSO is a more logical choice for a further

improvement of peptide solvation, aimed at decreasing hydrophobic adsorption to

the vial surface.
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6.3.4 Effect of surface-to-volume ratio

Limited solvation of hydrophobic peptides leading to adsorption to surfaces also

leads to a correlation between peak area and surface-to-volume ratio for the sam-

ple in the vials. Such a correlation proved to be especially evident for the more

hydrophobic peptides.
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Figure 6.5: The effect of increasing surface-to-volume ratio on peak area for peptide K (surface-

to-volume ratio increases with decreasing volume). Eight injections of 83.3 femto-

mole in 10 µL were made from individual vials with a decreasing volume (dots) or

from individual vials with a constant volume (1000 µL; squares). The continuous

line represents the fit of the theoretical expression for recovery to the data ob-

tained (Vial ID = 1 cm, Kpept.-K ≈ 7.5 cm). The standard deviation interval on

the injections from the 1000 µL samples is indicated by the broken lines. Sample

matrix: 5% FA and 5% DMSO in water.

When repeated injections were performed from a single sample vial, peak area

for the most hydrophobic peptides (peptides J and K) decreased with every sub-

sequent injection. This indicated a continuous decrease in peptide concentration

upon repeated injection from a single vial. The same effect was observed when
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injections were made from individual vials containing decreasing initial sample

volumes (Figure 6.5). Figure 6.5 also shows that, when injecting from different

vials, each containing 1000 µL sample, this effect is not observed.

The observed effect follows directly from a simple expression for thermody-

namic equilibration of peptides between the sample and the vial surface, as a

function of surface-to-volume ratio. The equilibrium constant for equilibration of

a compound between a solution phase and a solid surface (KX) can be expressed

as:

KX =
CXA

CX
=

nXA

nX

VS

AV
=

n0
X − nX

nX

1

SV R
=

1 − %R

%R

1

SV R
(6.1)

Where: CXAis the concentration (moles.m−2) of compound X adsorbed to the vial

surface, CX the concentration (moles.m−3) of compound X in solution, nXA the

amount (moles) of compound X adsorbed to the vial wall, nX the amount (moles)

of compound X in solution, nX0 the amount (moles) of compound X in solution

before adsorption took place, VS the sample volume (m3), AV the surface area

(m2) of the vial in contact with the sample solution, SV R the surface-to-volume

ratio, and %R = nX/nX0 the percentage of compound X recovered in solution.

Rewriting this expression for recovery yields:

%R =
1

1 + KXSV R
(6.2)

Equation 6.2 shows that the percentage compound recovered in solution is

inversely proportional to the surface-to-volume ratio. When sample volume de-

creases in a vial, the absolute contact area between the sample and the wall of

the vial decreases. However, the surface-to-volume ratio increases, and the ob-

served effect occurs. Recovery reaches a (theoretical) maximum at infinite sample

volume where SVR converges to a value determined by the inner diameter of the

vial. Taking this limiting case into account, the fit of the data obtained for this

expression is shown in Figure 6.5. In addition to surface-to-volume ratio, recov-

ery is also inversely proportional to the equilibrium constant for equilibration of

the peptides between the solution phase and the vial surface. Recovery from the

sample matrix applied was anticipated to be less than 20% for peptide K (see

Figure 6.6). An estimate of the equilibrium constant can then be obtained upon

fitting the model to the data (see Figure 6.5). Since the equilibrium constant

increases with increasing adsorption behavior of peptides, the effect of surface-to-

volume ratio will be more pronounced for peptides adsorbing strongly. For the

hydrophobic peptides in the model sample, shifting the equilibrium towards the

soluble phase should therefore lead to improved recovery and a reduced effect of
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the SVR on recovery. For peptides C and D, the observed increase in sensitivity

upon addition of 5% FA and 5% DMSO, as highlighted in section 6.3.2 above, is

most probably due to this effect.
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Figure 6.6: Peak area, normalised with respect to the optimum value for the individual pep-

tides, as a function of DMSO percentage in the sample matrix for 10-µL injections

of a 16.7-nM CC digest (167 femtomole injected). Peptide B (triangles), peptide

E (dots), peptide H (diamonds) and peptide K (squares) are shown.

6.3.5 Optimal DMSO percentage for individual peptides

Increasing the percentage of DMSO in the sample should lead to improved solva-

tion, and thus to a decrease of the equilibrium constant for adsorption to the vial

surface and thereby to improved recovery. The effect of increasing percentages of

DMSO on peak area was therefore studied for individual peptides.

As expected, the equilibrium constant for equilibration of peptides in solution

and adsorbed to the vial surface is also influenced by sample temperature. When-

ever samples were not allowed to reach the temperature of the autosampler tray

(4°C) before the first injection, peak areas for this first injection were signifi-

cantly larger than for subsequent injections. This problem could be overcome by
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preparing samples at 4 °C or by allowing them to reach the temperature of the

autosampler. In addition, to avoid a superimposed effect of surface-to-volume

ratio, only single injections were made from individual sample vials.

Typical profiles for changing peak area with DMSO percentage are presented in

Figure 6.6 for peptides B, E, H, and K. Increasing the percentage of DMSO in

the sample at a fixed FA percentage of 5% has a dramatic effect on peak area

for all the peptides monitored. For early-eluting peptides (A, B, C and D), peak

area decreases rapidly with increasing DMSO percentage over the range from 0

to 10%. For peptide A, peak area decreases upon the addition of as little as 1%

DMSO to the sample. For peptides B, C and D, peak area remains constant, or

even increases a little up to a DMSO percentage of 2.5%, but decreases rapidly

at higher percentages. For late-eluting peptides (J and K), peak area remains

almost constant up to a DMSO percentage of 25%. However, a substantial gain

in peak area of a factor of about 20 is obtained upon increasing the DMSO per-

centage from 25 to 50%. Upon increasing the DMSO percentage even further

(from 50 to 100%), peak area decreases again. The other peptides (E, F, G and

H) show intermediate behavior. An increase in peak area can be attributed to

improved solvation of the corresponding peptide and thus a decrease in adsorp-

tion. The subsequent decline in peak area at higher DMSO percentages is the

result of breakthrough of the corresponding peptide on the trap column. As a

result, every (group of) peptide(s) has its own optimal DMSO percentage, as can

be seen from Figure 6.6. For peptides F and G a less pronounced effect of the

DMSO percentage on peak area is observed. For these two peptides, peak area

decreased slowly with increasing DMSO percentage up to 25 and 50 % DMSO,

respectively. Subsequently, at higher DMSO percentages, peak area decreased

very rapidly due to breakthrough on the trap column.

The optimal DMSO percentage for the individual peptides as a function of reten-

tion time is presented in Figure 6.7. The DMSO percentage for optimal solubility

of the peptides is related to hydrophobicity of the peptides in an exponential

manner. Assuming that the optimal values correspond to quantitative recovery

of the peptides from the sample vial (i.e. no adsorption), the adsorbed amounts for

samples giving incomplete peptide solubility can be estimated from the respective

peak areas as follows:

nXA =
PAoptimal − PADMSO%

PAoptimal
C0

XVS (6.3)

Where: nXA is the amount (moles) of compound X adsorbed to the vial

wall, C0
X the concentration (moles/L) of peptide X in solution before adsorption,
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PAoptimal is the peak area for C0
X under optimal solubility conditions, PADMSO%

is the peak area for C0
X under conditions less favorable for solubility, and VS is

the sample volume.
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Figure 6.7: Optimal DMSO percentages for recovery of individual peptides as a function of

retention time (hydrophobicity). The optimal values presented are independent of

sample concentration.

For samples containing 5% FA and 0 - 5% DMSO, a linear dependence of

the calculated adsorbed amount (nXA) on sample peptide concentration (C0
X)

is obtained for the hydrophobic peptides (data not shown). The amount ad-

sorbed per concentration-unit increase is related to peptide hydrophobicity (i.e.

the slope increases with hydrophobicity). Given their limited adsorption, any

trend in concentration dependence for the hydrophilic peptides (A, B, C and D)

is largely obscured by variability. As the peptide concentrations are very small

(≤16.7 nM), an adsorption plateau is not reached for any of the peptides studied.

For Cetrorelix, Grohganz et al. found that adsorption only reached a plateau at

a concentration of 0.4 µg.mL−1 (≈ 300 nM) [17], which is at least an order of

magnitude higher.
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In addition to DMSO, methanol (MeOH), acetonitrile (ACN) and acetone (ACT)

were considered for improved peptide solubility in the sample. The difference in

selectivity for these three solvents, DMSO and water in Snyder’s solvent selec-

tivity classification system was the primary reason for their selection [37]. The

trends observed for peak area as a function of the percentage organic modifier in

the sample was similar to that observed with DMSO for the individual peptides

(data not shown). The only difference is a shift of the optimum value for all the

peptides to a lower percentage organic modifier. For MeOH, ACN and ACT, the

optimum for peptide K, the most hydrophobic peptide, is 25% as compared to

50% when using DMSO. The observed shift is a direct consequence of the differ-

ence in polar characteristics of the different organic solvents. Applying Snyder’s

solvent polarity index [37], the polarity index for DMSO (7.2) is much closer to

that of water (10.2) than is the case for MeOH (5.1), ACN (5.8) or ACT (5.1).

Retention of the peptides during sample loading on the trap column is therefore

negatively influenced with the latter three solvents [38]. As no additional selec-

tivity differences were observed, solvents other than DMSO were not considered

for further experiments.

6.3.6 Needle adsorption

In addition to adsorption and solubility issues in the sample vial, adsorption of

peptides to the stainless steel autosampler needle can also lead to losses. Adsorp-

tion of peptides on the needle was examined by placing the injection needle in

the sample vial without any further action for five minutes. Subsequently, the

needle was taken out of the vial and washed with 750 µL wash solvent using a

standard wash program. The wash solvent consisted of 10% ACN, 10% DMSO,

10% FA and 70% water. This procedure was repeated five times to accumulate

possible losses of the peptides due to adsorption. After these steps the sample

was injected and the resulting peak area was compared with the peak area for a

sample that did not undergo this procedure.

Losses were observed for six of the ten peptides in the model sample (sample

matrix 5% FA and 5% DMSO in water). Losses are on the order of 40% (pep-

tides E, J, and K) to 60% (peptides A, B, and H). The effect for peptide J is

somewhat obscured by the relatively large standard deviation for this peptide.

As no correlation with peptide hydrophobicity could be established, adsorption

on the stainless steel needle through interactions other than hydrophobic interac-

tions is proposed. Interestingly, peptides E, H, J and K are the only peptides in

the model sample containing one or more amino acids with a sulfur atom in the
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side chain. As no oxidation products were found for these peptides, the losses are

attributed to adsorption to the stainless steel needle via the sulfur atom. This

is supported by the fact that alkylthiols are applied for the coating of stainless

steel. The thiol group binds to the reduced surface of the stainless steel to form a

so-called self-assembled monolayer [39]. An explanation for the losses of the two

polar peptides (A and B) remains elusive.

6.3.7 Repeatability under Optimised Conditions

Taking all the parameters with respect to the sample matrix and injection routine

into account, repeatability was assessed again. All samples were analysed twice,

applying two different sample matrices. A sample containing 5% DMSO and 5%

FA was applied to avoid loss of the hydrophilic peptides from the trap column,

while a second sample, containing 25% DMSO and 5% FA, was applied for im-

proved recovery of the hydrophobic peptides. Samples were prepared at 4°C in

glass vials, with a separate vial for each injection. The samples were analysed

over a period of 40 h. In Figure 6.8, the RSD values for the different peptides are

presented. The figure includes the RSD values for the situation before optimisa-

tion of sample matrix and injection routine.

As a result of breakthrough on the trap column, no RSD values could be de-

termined for peptides A and B diluted in 25% DMSO and 5% FA. In addition,

variable losses of peptides C, D, E, F and G during sample loading are also the

most probable cause of the higher RSD values for these peptides when the sample

was diluted in 25% DMSO as compared to 5% DMSO. However, the RSD values

for the most hydrophobic peptides (peptides H, J and K) are much lower when the

sample was diluted in 25% DMSO. Compared with the original situation, where

the sample matrix consisted of 0.1% FA in water and repeated injections were

made from a single vial, the improvement for the most hydrophobic peptides is

even greater. Improvements for the hydrophilic peptides are limited, due to the

fact that the solubility of these peptides is already adequate in an almost purely

aqueous environment.

With respect especially to the hydrophobic peptides (F, G, H, J and K), a

significant decrease in the limit of detection (LOD) results from the improved

recovery and RSD when applying 25% DMSO. For all the peptides in the model

sample, LOD values on the order of or below 10 femtomoles in 10 µL (1 nM) can

be obtained. For the hydrophilic peptides, the improvement is only a factor of 3

to 4 as compared with the original situation where a sample matrix of 0.1% FA
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in water was applied (second paragraph of Results and Discussion). For the most

hydrophobic peptides, however, (peptides H, J, and K), the improvement is at

least an order of magnitude.
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Figure 6.8: Repeatability test (n=10) of 83-femtomole injections of CC digest diluted in 5%

DMSO / 5% FA (striped) or 25% DMSO / 5% FA (blank) measured over 40 h.

Peptides A and B were not observed in the presence of 25% DMSO, due to lack of

binding to the reversed-phase trap column. The RSD values originally obtained

for the samples diluted in mobile phase (0.1% FA) are shown for comparison

(hatched).

6.4 Conclusion

It has been shown that adsorption of proteolytic peptides to vial surfaces is the

cause of repeatability problems in quantitative analysis of these peptides at the

nM concentration level. An inverse dependence of recovery and repeatability

with peptide - and vial hydrophobicity is demonstrated. The positive influence

of applying an organic sample modifier on recovery and repeatability suggests

that hydrophobic hydration is an important driving force for adsorptive losses

of hydrophobic peptides. As a direct result of the improved recovery when an

organic sample modifier is used, repeatability increases and LOD decreases. For

the most hydrophobic peptides, a gain in LOD of at least an order of magnitude

is obtained. In an aqueous sample containing 0.1% formic acid (FA), it is possible

153



154 Chapter 6. Improvement of Peptide Recovery

to detect 100 to 200 femtomoles of peptide, whereas ± 10 femtomoles can be

detected in a sample containing 5% FA and 25% DMSO (10 µl injections).

For quantitative analysis of peptides in proteomics samples, preparation of at least

two samples in different sample matrices for each peptide mixture is recommended.

One sample should consist of the peptide mixture diluted in a significantly high

percentage organic modifier to achieve good recovery for hydrophobic peptides.

The other sample should consist of the peptide mixture diluted in a solution of

low-percentage organic modifier, to avoid breakthrough of hydrophilic peptides on

the trap column. DMSO is especially suited as an organic modifier, as it solubilises

hydrophobic peptides very well but is not a very strong eluent in reversed-phase

chromatography, thereby reducing the risk of breakthrough on the trap column.

Furthermore, it was shown that some peptides, including all sulfur-containing

peptides, adsorb on the stainless steel injection needle. To overcome this problem,

unnecessary contact of the sample with the autosampler injection needle should be

avoided. With many autosamplers, standard procedure sees the injection needle

already inserted in the next sample vial in anticipation of the next injection before

the previous analysis is finished. This gives the peptides ample time to adsorb

on the needle surface. However, this issue could be easily resolved by a change in

instrument programming. Our experiments also indicate that only one injection

should be made from each individual vial, in order to avoid changes in the surface-

to-volume ratio upon repetitive injections from the same vial. A changing surface-

to-volume ratio influences the adsorption equilibrium for the peptides between the

solution phase and the vial surface. Though surface-to-volume ratio effects are

less variable with more hydrophobic vial types than with glass, the equilibrium

is shifted further towards peptide adsorption on the vial surface, leading to a

decrease in peak area.
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