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Abstract

Energy-resolved mass spectrometry (ERMS) and an isotopically labelled internal stan-

dard were successfully combined to accurately quantify a tryptic peptide despite the

presence of an isobaric interference. For this purpose, electrospray ionisation tandem

mass spectrometry (ESI-MS/MS) experiments were conducted into an ion trap instru-

ment using an unconventional 8 m/z broadband isolation window, which encom-

passed both the tryptic peptide and its internal standard. Interference removal was

assessed by determining an excitation voltage that was high enough to maintain a

constant value for the analyte/internal standard peaks intensity ratio, thus ensuring

accurate quantification even in the presence of isobaric contamination. Pseudo-

multiple reaction monitoring (MRM) was employed above this excitation voltage to

quantify the trypic peptide. The internal standard calibration model showed no lack

of fit and exhibited a linear dynamic range from 0.5 μM up to 2.5 μM. The detection

limit was 0.08 μM. The accuracy of the method was evaluated by quantifying the

tryptic peptide of three reference samples intentionally contaminated with the iso-

baric interference. All the reference samples were accurately quantified with �1%

deviation despite the isobaric contamination. Furthermore, we have demonstrated

that this methodology can also be applied to quantify the isobaric peptide by stan-

dard additions down to 0.2 μM. Finally, liquid chromatography ERMS (LC ERMS)

experiments yielded similar results, suggesting the potential of the proposed method-

ology for analysing complex samples.
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1 | INTRODUCTION

Multiple reaction monitoring (MRM) is a quantification technique,

usually performed in triple-quadrupole instruments (QqQ). The gen-

eral process of MRM scanning mode is to use the first quadrupole to

select the precursor ion, the second quadrupole (an hexapole is nowa-

days more often used) as a collision cell to fragment the precursor ion

by collision-induced dissociation (CID) and the third quadrupole to

select at least two product ions, which are specific to the analyte.1

However, MRM requires a good fragmentation yield in CID for the

compounds to be analysed. In the context of iso-baric/meric interfer-

ences, pseudo-MRM serves as an alternative for analysing compounds

that are difficult to fragment. It is based on monitoring, at high colli-

sion energy, only the precursor ions instead of the fragment ions.

Pseudo-MRM corresponds then to a ‘no mass loss’ transition

between MS1 and MS2.2 It has shown good performances for the

analysis of complex samples, due to the reduction of isobaric co-

elution inside the collision cell.2–6 However, in pseudo-MRM, there is

no clear indication of the optimal collision voltage to be applied in

order to confirm the complete removal of isobaric interferences

by CID.

Although other techniques have been developed to analyse iso-

baric/meric mixtures, such as the kinetic method7–10 and, more

recently, ion mobility mass spectrometry (MS),9,11–14 energy-resolved

mass spectrometry (ERMS) can also provide reliable results for quanti-

tative analysis in the presence of iso-meric/baric interferences.9,15–17

Crotti et al. have shown that accurate quantification of co-eluted iso-

mers can be achieved by multilinear regression of ERMS.9,18–21 Com-

plementary with the latter approach, Memboeuf et al. have shown

that ERMS and, more specifically, the survival yield (SY) plots can be

used as a tool for detecting iso-baric/meric contamination.15 Typically,

SY curves of pure compounds are sigmoidal. However, if there is iso-

baric/meric contamination, the SY curves may be distorted16,22 and

could exhibit a plateau, if the fragmentation parameters of the two

compounds differ sufficiently.15,17,22,23 This plateau provides

two types of information. Firstly, the vertical position is correlated

with the relative concentration of the iso-meric/baric compounds.15,17

Secondly, the horizontal position provides the minimum collision volt-

age necessary to perform a novel strategy, named ‘gas-phase colli-

sional purification’ (GPCP).6,22 Essentially, GPCP occurs when the

precursor ions of the target analyte are purified by fragmenting its

iso-baric/meric interference entirely. This is also supposed to be done

in pseudo-MRM when a high excitation voltage is applied in CID.

However, in the GPCP strategy, the monitoring of SY at several exci-

tation voltages provides a mean to ensure the complete purification

of the analyte, which is not the case in pseudo-MRM. It should be

noted that GPCP and pseudo-MRM can only be applied when the iso-

baric/meric interference fragments at lower energies than the analyte.

Among the potential applications of the method, GPCP was com-

bined with MS3 measurements for the quantitative analysis of the

purity of synthetic samples.6,16 The feasibility of performing structural

and quantitative analysis of isobaric mixtures by combining GPCP

with in-source fragmentation was also demonstrated.23,24 Recently,

we have shown that GPCP can be done in the presence of an internal

standard for the absolute quantification of a tryptic peptide.24,25 This

proof of concept was illustrated by using sodium cationised

poly(ethylene)-glycol as a dummy internal standard.25 MS/MS mea-

surements were conducted by direct infusion into an ion trap, using

an unconventional broadband isolation window of 15 m/z to simulta-

neously isolate and excite the tryptic peptide and the dummy internal

standard. Monitoring the analyte/internal standard peaks intensity

ratio at several collision voltages clearly showed the complete frag-

mentation of the interference with the appearance of a plateau.25 This

is a clear and very robust indication of the complete purification of

the analyte. This approach facilitates the selection of an optimal exci-

tation voltage in pseudo-MRM, enabling full fragmentation of the iso-

baric/meric interference while keeping the analyte of interest.

Going one-step further, the aim of this paper is to apply the GPCP

strategy by replacing the dummy internal standard with an isotopically

labelled internal standard and evaluate by means of statistics the reli-

ability of this approach. We have applied this strategy to quantify a

tryptic peptide (780.402 Da), in the presence of an isobaric interfer-

ence (780.370 Da). A triply deuterated analogue of the tryptic peptide

was used as internal standard (783.420 Da). It was used not only to

quantify the tryptic peptide with an internal standard calibration

model but also as a criterium to determine the optimal excitation volt-

age to perform pseudo-MRM. The optimal excitation voltage obtained

from the internal standard was also compared with the information

from the SY curves. The accurate quantification of the tryptic peptide

was verified with intentionally contaminated reference samples. Fur-

thermore, the use of the isotopically labelled internal standard allowed

the quantification not only of the tryptic peptide but also of its iso-

baric interference. Finally, we have tested the feasibility of applying

this strategy to liquid chromatography tandem mass spectrometry

(LC-MS/MS) for the analysis of complex samples.

2 | EXPERIMENTAL SECTION

2.1 | Chemicals

Acetonitrile (HPLC-MS grade) was purchased from Sigma-Aldrich

(St. Louis, MO, USA), water (HPLC PLUS grade) was purchased from

Carlo Erba Reagent (Val de Reuil, France), and formic acid was

obtained from Amresco (Solon, Ohio, USA) with purity grade higher

than 94.5%.

2.2 | Synthetic peptides

Synthetic peptides were synthesised at the Nanobio Platform

(Université Grenoble-Alpes, Grenoble, France). The tryptic peptide

contains an arginine amino acid residue (ArgPept,

CH3CO-ISTYTR-NH2, monoisotopic mass 780.402 Da), and its inter-

nal standard corresponds to the methyl end-group deuterated peptide

(IS, CD3CO-ISTYTR-NH2, monoisotopic mass 783.420 Da). The
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isobaric interference is a peptide without any basic residue (IntPept,

CH3CO-YYPGQI-NH2, monoisotopic mass 780.370 Da). All peptides

were assembled on a Syro II peptides synthesiser using the Fmoc

strategy described in our previous study.16

2.3 | Sample preparation

All the peptide samples were prepared in acetonitrile/water (7:3) with

0.1% formic acid. Several mixtures of the three peptides were pre-

pared with the following molar ratios IS/ArgPept/IntPept: 1:1:0,

1:1:0.5, 1:1:1, 1:1:1.5, 1:1:2 and 1:0:2. Concentration of IS and Arg-

Pept were fixed at 0.425 and 0.40 μM, respectively. The concentra-

tion of IntPept ranged from 0 to 0.8 μM. The five standards of the

internal standard calibration curve have the same concentration for IS

(1 μM) and the following concentrations for ArgPept: 0.5, 1.0, 1.5, 2.0

and 2.5 μM.

2.4 | MS

MS experiments were performed in positive ion mode using an ion

trap mass spectrometer (HCTplus, Bruker Daltonics) equipped with an

electrospray ionisation source (ESI, Agilent Technologies). The solu-

tions were introduced by direct injection and electrosprayed via a

syringe pump at a 2 μL�min�1 flow rate. The nebulising gas (N2) pres-

sure was set at 10 psi, and the N2 drying gas flow rate at 5 L�min�1

heated at 300�C. Helium was used as trapping and collision gas at

two different pressures: 2.02�10�5 and 3.00�10�5 mbar (uncorrected

gauge reading). All data were acquired in the low resolution ultra-scan

mode using a 26 000 (m/z)�s�1 scan speed. The settings of the instru-

ment were the following: capillary voltage 3.8 kV, end plate �0.5 kV,

skimmer 40 V, cap exit 146.4 V and a trap drive at 68.7. The ion

charge control option was used, except otherwise noted, to maintain

�100 000 ions inside the trap.

Pseudo-MRM experiments were performed using a 8 m/z isola-

tion window centred at m/z 783.00, which corresponds to an interme-

diate mass between the protonated ArgPept and IS. Isolation was

followed by an excitation delay of 200 ms and a CID stage with

100-ms excitation time and 8 m/z excitation width (with the same tar-

get mass as for the isolation stage). The ion charge control option was

unchecked, and the accumulation time was fixed between 2 and

15 ms (depending on the concentration of the sample, see Tables S1

and S2) to maintain �100 000 ions inside the trap and stabilise the

signal. CID MS/MS spectra were obtained on 780–788 m/z range,

after averaging 5 acquisitions and 2 rolling averages, and combined

over 2-min acquisition at each excitation voltage. SY curves were

plotted from energy-resolved tandem mass spectrometry (ERMS)

spectra performed by isolating the precursor ions with an isolation

window of 1.2 m/z followed by a fragmentation delay of 200 ms, frag-

mentation time of 100 ms and a fragmentation width of 10 m/z. The

MS/MS spectra were acquired for 1 min at each excitation voltage.

The 27% default mass cut-off was applied.

The LC-MS/MS measurements were performed by coupling a

reversed-phase high-performance liquid chromatography (RP-HPLC)

system (Dionex LC Packings Ultimate) to the ion trap spectrometer.

Chromatographic analysis was performed with a Xterra C18 column

(3.5-μm particles, 1.0 i.d. � 100 mm length, Waters). The volume

injected was 1 μL, and the flow rate was 0.5 mL�min�1. The mobile

phase was prepared in acetonitrile/water (7:3) with 1% formic

acid in isocratic mode. As in direct infusion, a wide isolation window

(8 m/z centred at m/z 783) was also applied to acquire by pseudo-

MRM the extracted ion chromatograms (EICs) of ArgPept (m/z 781.4)

and IS (m/z 784.4) at different excitation voltages. In those experi-

ments, the trapping gas pressure was set at 3.00�10�5 mbar (uncor-

rected gauge reading).

DataAnalysis 3.3 (Bruker Daltonics, Bremen, Germany) was used

for data acquisition and processing of mass spectra using default soft-

ware parameters for data processing (background reduction, smooth-

ing and peak centering). SY curves were calculated using the freely

available LibreOffice software package.26 The SciDAVis software

(freely available) was used for data visualisation.27 The SY and R

curves were fitted using the SciDAVis built-in Boltzmann model.

3 | RESULTS AND DISCUSSION

3.1 | SY curves of the protonated peptides

ERMS experiments were conducted by measuring the MS/MS spectra

of the three pure protonated peptides (IntPept, ArgPept and IS) at sev-

eral excitation voltages ranging from 0.5 up to 1.8 V. Additionally, the

MS/MS spectra of a mixture with a 1:1-M ratio of ArgPept and

IntPept were measured at the same excitation voltages (MS/MS spec-

tra can be found in Figure S1 at two excitation voltages: 0.88 V and

1.60 V).

The SY was calculated at each excitation voltage as the ratio of

the precursor ions peak intensity and the total ion current

(TIC).6,15,16,22,23,25

SY¼ Iprecursor
Iprecursorþ

P
Ifragment

where Iprecursor is the intensity of the precursor ions peak and Ifragment

is the intensity of each fragment ions peak obtained from the MS/MS

experiment. SY curves were then obtained by plotting SY against the

excitation voltage (see Figure 1).

Figure 1 shows the SY curves of the three pure protonated pep-

tides, which are sigmoidal. As previously noted,23,25 the SY curve of

ArgPept exhibits a significant shift to higher excitation voltages com-

pared with that of IntPept. This is due to the presence of an arginine

residue in the tryptic peptide that enhances adduct ion stability by

proton sequestration.28,29 On the contrary, the SY curves of ArgPept

and IS almost perfectly overlap. This means that the isotopically

labelled internal standard behaves equivalently to non-labelled pep-

tide. This is consistent with the MS/MS spectra of ArgPept and IS,

MAROTO ET AL. 3 of 12

 10969888c, 2024, 5, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/jm

s.5025 by C
ochrane France, W

iley O
nline L

ibrary on [10/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



which exhibit identical behaviour (see Figure S1). However, the exis-

tence of three deuterium results in a 3 m/z shift for the fragment ions

of IS.

Concerning the 1:1 mixture of ArgPept and IntPept, the SY curve

is a linear combination of the SY curves of both protonated peptides.

The SY curve of the 1:1 mixture displays a plateau because the pre-

cursor ions of IntPept are fully fragmented at lower excitation voltage

than those of ArgPept. This plateau can be seen as an indicator of iso-

baric/meric contamination.15,22,23,25 Ideally, this plateau should be

positioned precisely between the SY curves of the pure peptides, as

the concentrations of both peptides are identical. However, this is not

typically observed owing to different ionisation efficiencies or compe-

tition in ionisation. Figure 1 illustrates that, in this case, ion suppres-

sion is observed for IntPept, as the plateau is closer to the SY curve

for ArgPept. The vertical position of the plateau can be correlated with

the relative concentrations of both isobaric peptides through a cali-

bration model, accounting then for the ionisation suppression/

enhancement of the isobaric mixtures.15

The horizontal position of the plateau indicates the excitation

voltage required to fully fragment the isobaric interference and per-

form ‘Gas-Phase Collisional Purification’ (GPCP).22,25 Figure 1 shows

that IntPept is fully fragmented at 0.95 V (orange vertical line), and

GPCP must be performed at a minimum excitation voltage of 0.95 V.

3.2 | Tryptic peptide peak intensity normalisation
using internal standard as a criterium for gas phase
collisional purification

As previously demonstrated, the plateau of the SY curve indicates the

required excitation voltage to fragment all precursor ions of

the isobaric interference. This voltage must be at least 0.95 V to allow

for the accurate quantification by pseudo-MRM of the analyte Arg-

Pept in a sample that also contains the isobaric interference IntPept.

The goal is to show that, rather than using TIC normalisation, this

information can also be obtained by normalising the intensities of the

precursor ions of ArgPept and IS.

For this purpose, we used an unconventional broadband isolation

window of 8 m/z, which was centered at m/z 783 in order to isolate

and excite simultaneously not only ArgPept but also IS (which can be

seen as a parallel pseudo-MRM).30,31 The MS/MS spectra were

acquired at excitation voltages ranging from 0.70 up to 1.25 V.

Figure 2 displays the MS/MS spectra acquired in the range m/z

779 to m/z 787. This allowed for the monitoring of peaks related to

the precursor ions of ArgPept and IS while excluding any of their

fragment ions.

To normalise the intensity of the ArgPept protonated precursor

ions (m/z 781.4) with the intensity of the IS protonated precursor ions

(m/z 784.4), the following ratio, R, was calculated:

R¼
IArgPeptþIntPept
m=z 781:4

IISm=z 784:4

If the sample also contains IntPept, it should be noted that the

peak intensity at m/z 781.4 will include the contribution of ArgPept as

well as of its isobaric interference, IntPept.

The MS/MS spectra in Figure 2 were acquired at two excitation

voltages: 0.7 V (prior to IntPept fragmentation, left column) and 1.0 V

(after complete fragmentation of IntPept, right column). Three distinct

mixtures of peptides were MS/MS analysed to be presented in this

figure: (A and B) a mixture of ArgPept and IS (top MS/MS spectra);

(C and D) a mixture of IntPept and IS (MS/MS spectra at the centre);

(E and F) a mixture of ArgPept, IntPept and IS (bottom MS/MS spec-

tra). The concentration of IS (0.425 μM) was maintained constant for

all three mixtures. For the mixtures containing ArgPept, the concentra-

tions were 0.40 μM, and it was 0.80 μM for IntPept.

The MS/MS spectra obtained for the mixture IS/ArgPept are pre-

sented in Figure 2A,B. As expected, the peak intensities of ArgPept

(m/z 781.7) and IS (m/z 784.7) are comparable at both excitation volt-

ages. This finding is in agreement with the SY curves depicted in

Figure 1, which indicate that neither ArgPept nor IS fragment at those

excitation voltages. The slight differences in intensity are compen-

sated by calculating the ratio, R. Comparable values of R were

obtained at both excitation voltages: R = 0.81 for 0.70 V and

R = 0.83 for 1.00 V.

Figure 2C,D shows the MS/MS spectra for the mixture IS/Int-

pept. The MS/MS spectrum obtained at 0.7 V (Figure 2C) displays a

peak at m/z 781.5, indicating the presence of IntPept. However, this

peak disappears at 1.0 V (Figure 2D) because of the complete frag-

mentation of IntPept precursor ions at this excitation voltage. This

clearly shows that GPCP has been successfully performed and that, as

previously shown in the SY curves, this interference can be fully elimi-

nated by employing pseudo-MRM at an excitation voltage of 1.0 V.

The intensity of the peak at m/z 784.6 (which corresponds to IS) is

F IGURE 1 Survival yield (SY) curves for the pure protonated

IntPept (black circles), ArgPept (red diamonds) and IS (green triangles).
The SY curve of a mixture with a molar ratio 1:1 of ArgPept and
IntPept (blue vertical triangles) is also shown. The ion trap pressure
was 2.02�10�5 mbar.
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very similar at both excitation voltages because IS does not fragment

at such an excitation voltage. The ratio, R, was also calculated. At

0.7 V (prior to GPCP) R = 1.69 and drops down to 0 after applying

GPCP at 1.0 V. This implies that changes in R due to excitation voltage

are correlated to the existence of IntPept and indicate an isobaric

interference.

The MS/MS spectra of Figure 2E,F correspond to a mixture of

the three peptides IS/ArgPept/IntPept. It is clearly seen that at 0.7 V,

the peak intensity at m/z 781.6 is much higher than at 1.0 V, whereas

the peak intensity from IS at m/z 784.6 is almost identical at both

excitation voltages. The decrease in intensity at m/z 781.4 results

from the fragmentation of the IntPept precursor ions at 1.0 V (as for

the mixture IS/IntPept). In addition, the decrease in R clearly indicates

isobaric contamination: R decreases from 2.12 at 0.7 V (Figure 2E) to

0.88 at 1.0 V (Figure 2F).

To monitor GPCP, the ratio, R, of MS peak intensities ‘analyte/IS’
was plotted as a function of CID excitation voltage. Figure 3 shows

the values of R obtained for six mixtures with the following molar

ratios IS/ArgPept/IntPept: 1:1:0, 1:1:0.5, 1:1:1, 1:1:1.5, 1:1:2 and

1:0:2.

GPCP is clearly observed for the mixture containing only IntPept

and IS (i.e., 1:0:2, pink triangles). For this mixture, the ratio R decreases

monotonously as the excitation voltage is increased to reach a value

of 0 above 0.95 V, meaning that all IntPept precursor ions are frag-

mented. This shows that an excitation of 0.95 V is sufficient to

completely fragment IntPept by CID and perform GPCP to remove

the interfering IntPept. This corresponds to the excitation voltage at

which (1) the SY of IntPept becomes 0 and (2) a plateau is observed

for the ArgPept/IntPept mixture (orange vertical line, see Figure 1).

This means that, similarly to the SY curves, the internal standard pro-

vides, through the ratio R, a reliable indicator for GPCP. The plot of R

for the 1:0:2 mixture is sigmoidal and is very similar to the SY curve

for IntPept (Figure 1).

On the contrary, for a mixture of ArgPept and IS (i.e., 1:1:0, black

squares), R remains almost constant at all excitation voltages

(R ≈ 0.84). As there is no IntPept in the mixture, R depends only on

the relative concentrations of ArgPept and IS. Even if there were a

slight variability in ionisation efficiency or some degree of fragmenta-

tion, this variability would be equally compensated by IS.

Ratios R obtained for mixtures of the three peptides as a function

of the excitation voltages are actually linear combinations of the pre-

vious mixtures (i.e., Figure 3, pink triangles for 1:0:2 and black squares

for 1:1:0). Similarly to the sample containing only IntPept and IS, R

decreases gradually with increasing the excitation voltage. However,

it does not reach R = 0 above 0.95 V. Instead, a plateau is observed

from 0.95 up to 1.25 V. Regardless of the concentration IntPept, the

F IGURE 2 Tandem mass
spectrometry (MS/MS) spectra obtained
for three mixtures of peptides at two
excitation voltages: 0.7 V (left-hand side)
and 1.0 V (right-hand side); 8 m/z
isolation window was applied at m/z
783 (blue diamond) before the collision-
induced dissociation (CID) excitation
stage. The MS/MS spectra correspond to

a mixture IS/ArgPept at the top (A and B),
a mixture IS/IntPept at the centre (C and
D) and a mixture IS/ArgPept/IntPept at
the bottom (E and F). For each MS/MS
spectrum, R is calculated as the ratio of
intensities obtained at m/z 781.6 and m/z
784.6. The intensity at m/z 781.6
corresponds to the analyte ArgPept and
its isobaric interference IntPept, whereas
the intensity at m/z 784.6 corresponds to
the isotopically labelled IS.

F IGURE 3 Ratio, R, of MS peak intensities for m/z 781.4 and m/z
784.4. R is plotted as a function of the collision-induced dissociation

(CID) excitation voltage for six mixtures of IS, ArgPept and IntPept. All
the tandem mass spectrometry (MS/MS) spectra were acquired with a
broadband isolation window of 8 m/z centred at m/z 743. The
trapping gas pressure was set to 2.02�10�5 mbar.
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plateau is observed at R = 0.84 (with small variations due to experi-

mental variability). This value exactly corresponds to the ratio

obtained for the sample with only ArgPept and IS (i.e., 1:1:0, black

squares). This shows that, independently of the concentration of

IntPept, the samples can be purified by CID fragmentation. Therefore,

even in the presence of IntPept, it is possible to quantify accurately

the tryptic peptide, providing the excitation voltage exceeds 0.95 V.

One-way analysis of variance (ANOVA) was employed to com-

pare statistically the means of ratios R, obtained at the plateau for the

five peptide mixtures (R values showed in Table S3). The between-

groups variability is associated with the amount of IntPept, whereas

the within-groups variability corresponds to the experimental fluctua-

tions due to excitation voltage. The homogeneity of variances within-

groups was evaluated using the Levene test (p value = 0.31). The

BoxPlot (Figure S2) displays comparable variabilities and R values in all

the samples. The one-way ANOVA table reveals that the variability of

R due to the amount of IntPept is not significant compared to experi-

mental variability (p value > 0.05) (see Table 1). Consequently, the

one-way ANOVA confirms that IntPept has been completely fragmen-

ted through the CID process, and the minor variations in R among

samples are solely attributable to experimental variability and are

independent of the amount of IntPept.

For excitation voltages below 0.95 V, it can be observed that the

ratio is proportional to the amount of IntPept in the sample. This is

confirmed by plotting a linear regression for R against the concentra-

tion of IntPept at several excitation voltages (from 0.70 to 1.25 V; see

Figure 4). Table S4 shows the slope and intercept for each regression

model. The regression models show good coefficients of determina-

tion before the total CID fragmentation of IntPept (i.e., excitation volt-

ages lower than 0.95 V).

The intercepts are very similar and correspond to the ratio R of

the sample without IntPept (i.e., mixture 1:1:0), as expected. The aver-

age value of these intercepts was calculated and compared with the

average value of R = 0.83 obtained for the sample without IntPept.

The t test confirms that the mean value of the intercepts does not dif-

fer significantly from the mean value of R = 0.83 obtained for the

sample without IntPept. The calculated t value of 0.62 is below

the two-sided t value for α = 0.05 and 11 degrees of freedom, which

is 2.20. The p value is 0.54.

Figure 4 shows that the calibration line slopes decrease with the

excitation voltage due to the fragmentation of IntPept by CID.

Figure 5 shows the plot of the latter slopes as a function of the excita-

tion voltage. It is noteworthy that the sigmoidal decrease of the slope

with excitation voltage is very similar to the SY curve of IntPept

(Figure 1) and also to the R curve for the mixture with only IntPept

TABLE 1 One-way ANOVA table calculated from the ratios, R, of peak intensities measured at the plateau for five mixtures with different
concentrations of IntPept. The concentrations of IS and ArgPept were the same for all samples. The between-groups variability corresponds to the
amount of IntPept and the within-groups variability to the experimental fluctuations of R with the excitation voltage.

Source of variation Sum of squares (SS) Degrees of freedom Mean squares (MS) F p value

IntPept concentration 7.22�10�4 4 1.80�10�4 1.274 0.306

Excitation voltage 3.54�10�3 25 1.42�10�4

Total 4.26�10�3 29

Abbreviation: ANOVA, analysis of variance.

F IGURE 4 Linear dependence of R against the concentration of
IntPept at 12 excitation voltages (from 0.70 to 1.25 V). F IGURE 5 Slope of the linear regression of R against the

concentration of IntPept plotted as a function of the excitation
voltage (regression models shown in Figure 4 and slope values shown
in Table S4). A sigmoidal decrease of the slope with the excitation
voltage can be observed.
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and IS (mixture 1:0:2, pink triangles in Figure 3). The highest slope is

obtained at 0.70 V, denoting the lowest fragmentation of IntPept,

where SY is almost 1. For excitation voltages higher than 0.95 V,

IntPept undergoes complete fragmentation due to CID, resulting in

slopes very near to 0.

3.3 | Internal standard calibration for the accurate
quantification of the tryptic peptide by pseudo-MRM

MS/MS spectra of five calibration standards (prepared as described in

the experimental section) were acquired with a broadband isolation

window (8 m/z centred at m/z 783) at six excitation voltages: 1, 1.05,

1.1, 1.15, 1.2 and 1.25 V. All these excitation voltages are higher than

0.95 V. As stated previously, this means that the calibration standards

are analysed under conditions of GPCP: the isobaric interference

IntPept (if present in the sample) will be fragmented by CID. Pseudo-

MRM can then be applied at these voltages to accurately quantify

ArgPept despite the presence of IntPept.

Each calibration standard was analysed four times at each excita-

tion voltage. The mean value of the four replicates was calculated for

each excitation voltage and plotted in the calibration model (Figure 6).

Each calibration standard has six values (i.e., one for each excitation

voltage). The calibration line exhibits a good coefficient of determina-

tion (R2 = 0.999) for the concentration interval under study (i.e., from

0.5 to 2.5 μM of ArgPept). The regression model's linearity was evalu-

ated using ANOVA (see Table 2). The high F value obtained for the

regression model (F = 28 712) and the very low p value of 1.04�10�43

confirmed the high correlation of the ratio, R, with the ArgPept con-

centration; that is, the correlation is much higher than the residuals of

the calibration model. This result is consistent with the good

R2 = 0.999 of the calibration model. The F-statistic for lack of fit was

obtained by dividing the lack of fit mean square (MSLoF = 4.82�10�4)

by the pure error mean square (MSPE = 3.29�10�4). The resulting

F value of 1.46 was lower than the tabulated one-sided F value

(i.e., F0.95,3,25 = 2.99, for α = 0.05 and 3 and 25 degrees of freedom).

The p value was found to be 0.2483, which is higher than the signifi-

cance level α = 0.05. The F and p values therefore indicate that the

model's lack of fit is not statistically significant in comparison with

experimental variability, and thus, the calibration model is validated.

Two calibration standards were deliberately contaminated with

2-μM IntPept and subsequently analysed four times at each excitation

voltage following the same procedure as the non-contaminated sam-

ples. Figure 6 presents the six values of R calculated for the two

spiked contaminated standards (1- and 2-μM ArgPept, depicted as

filled red squares). In both instances, the ratio R is highly similar to the

one obtained from the calibration standards that are free from

IntPept.

The predictive ability of the calibration model was evaluated by

calculating the proportional bias of the concentrations estimated with

the calibration model, ccalibration, for each calibration standard at each

excitation voltage:

bias %ð Þ¼ ccalibration� cstandard
cstandard

�100

where cstandard corresponds to the concentration of the calibration

standard. The proportional bias of all the calibration standards is

within the 95% confidence interval of the calibration model.32 This

interval is calculated for each concentration level and is expressed as

a percentage relative to concentration. Figure 7 shows that all the

standards are correctly predicted. The proportional bias of the stan-

dards is always lower than 5%. The concentration of ArgPept was cal-

culated for the two contaminated standards according to the linear

calibration model. The proportional bias of the two contaminated

standards is also lower than 5%. The 95% confidence interval32 for

these contaminated standards is (1.01 ± 0.05) μM (for the standard at

1 μM) and (1.98 ± 0.05) μM (for the standard at 2 μM). Both confi-

dence intervals contain the spiked concentrations of ArgPept, which

confirms that the tryptic peptide is accurately quantified by pseudo-

MRM despite the presence of the isobaric interference IntPept.

The limit of detection (LD = 0.08 μM) was calculated using the

internal standard calibration model's information and the following

formula:

LD¼3:3 � se
b1

where se is the standard error of the calibration model

(se = 1.92�10�2) and b1 corresponds to the slope (b1 = 0.81). This

F IGURE 6 Internal standard calibration line (black line and black
circles) obtained from the ratio, R, of mass spectrometry (MS) peaks
intensities of the tryptic peptide and the internal standard. All the
calibration standards have the same concentration of IS (1 μM) and
were analysed at six excitation voltages under gas-phase collisional
purification (GPCP) conditions. Two standards (i.e., at 1 and 2 μM of
ArgPept) were intentionally contaminated with 2 μM of IntPept. These
contaminated samples (red squares) were also analysed at the same
excitation voltages following the same procedure as for the
calibration standards. The trapping gas pressure was set at

2.02�10�5 mbar.
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approach is recommended in LC–MS methods as it gives conservative

estimates when determining LD from calibration lines.33,34

3.4 | Quantification of the tryptic peptide and its
isobaric interference in a reference sample

To evaluate the accuracy of the developed parallel pseudo-MRM

quantification method, we used a reference sample spiked with

0.40-μM ArgPept, 0.425-μM IS and 0.20-μM IntPept. The spiked sam-

ple was analysed by MS/MS (8 m/z isolation window centred at m/z

783) at an excitation voltage before GPCP occurs (at 0.70 V) and after

GPCP occurs (at 1.00, 1.05, 1.10, 1.15, 1.20 and 1.25 V). The ratio, R,

was calculated at each excitation voltage, and the average value

obtained after GPCP (from 1.00–1.25 V) was 0.844. The ArgPept/IS

ratio was also calculated from the internal standard calibration curve

(Figure 6). A value of 0.93 was obtained. The concentration of ArgPept

was then calculated by multiplying 0.93 by the concentration of IS

(0.425 μM). Considering a 95% confidence interval, the concentration

of ArgPept was determined at (0.395 ± 0.042) μM. This confidence

interval was calculated from the uncertainty of the calibration model32

and multiplied by the concentration of IS. The accuracy is then

assessed as the confidence interval includes the reference value of

0.40 μM.

We have also calculated the concentration of IntPept. In this case,

we used the R value obtained at 0.70 V corresponding to an excitation

voltage at which IntPept does not fragment by CID in order to achieve

the highest sensitivity (as shown in Figures 4 and 5). The reference

sample was spiked with IntPept at three concentration levels: 0.19,

0.38 and 0.56 μM. The experimental values of R are shown in

Figure 8 (black circles). As shown in Figure 3, the ratio before GPCP is

the sum of the ratio due to ArgPept and IntPept. The contribution of

ArgPept is easily known as it corresponds to the ratio, R, calculated at

the plateau (at excitation voltages higher than 0.95 V). To plot the

standard addition curve, the average value R = 0.84 (obtained for

the reference sample after GPCP) was subtracted from each of the

experimental R values (black circles). The corrected R values (red

squares) were then obtained. A standard addition calibration model

was calculated from these values (y = 1.7247x + 0.3336,

TABLE 2 ANOVA table of the regression model with replicates shown in Figure 6.

Source of variations Sum of squares (SS) Degrees of freedom Mean squares (MS) F p value

Regression model 9.93 1 9.93 28712.5 1.04�10�43

Residual 9.68�10�3 28 3.46�10�4

Lack of fit 1.45�10�3 3 4.82�10�4 1.46 0.2483

Pure error 8.23�10�3 25 3.29�10�4

Total 9.93843 29

Abbreviation: ANOVA, analysis of variance.

F IGURE 7 Proportional bias of the calibration standards
calculated at each excitation voltage for both the calibration
standards (depicted by black circles) and for the contaminated
standards (depicted by red squares). All the standards fall within the
95% confidence interval of the calibration model that was calculated
at each concentration level.

F IGURE 8 Standard addition calibration curve (red squares)
calculated from the experimental R values (black squares) obtained
from the tandem mass spectrometry (MS/MS) spectra of the spiked
samples at 0.70 V excitation voltage. The corrected R values (red
squares) were calculated by subtracting R = 0.84 to all experimental
values (that corresponds to the contribution of ArgPept). The
concentration of IntPept (� 0.2 μM) is shown graphically by
extrapolating the standard addition calibration curve to y = 0.
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R2 = 0.9996). As expected, the intercept is different from 0 and is

related to the IntPept concentration, which is calculated by extrapolat-

ing the calibration model to y = 0. The concentration of IntPept, cal-

culated as the ratio of the intercept and the slope, was 0.1934 μM.

The 95% confidence interval obtained for the extrapolated value was

(0.193 ± 0.029 μM). The accuracy for the quantification of IntPept is

also assessed as the confidence interval includes the reference value

of IntPept (0.20 μM) with an absolute error lower than 0.01 μM

(<3.5% relative error). This means that this method can also be used

to quantify the isobaric interference if a standard of the isobaric inter-

ference is available to perform a standard addition calibration model

at an excitation voltage prior to GPCP.

3.5 | Internal standard quantification using
LC ERMS

All the results shown in the previous sections were obtained at

medium trapping gas pressure (i.e., 2.02�10�5 mbar). The aim of this

section is to show that internal standard quantification can also be

applied using LC ERMS for the analysis of complex samples using a

high trapping gas pressure (i.e., 3.00�10�5 mbar).

SY curves for the three protonated peptides separately (IntPept,

ArgPept and IS) and the 1:1 mixture of ArgPept/IntPept were obtained

at high pressure (Figure 9). Similarly, to the lower pressure, SY curves of

ArgPept and IS overlap. Figure 9 shows that the SY curves are shifted

to higher excitation voltages compared to those obtained at medium

pressure. A more detailed analysis of this phenomenon is actually on

track in our lab, but a tentative explanation for this observation may be

as follows: as the trapping/collision gas pressure is increased, the num-

ber of ion/neutral collisions is greater, with a greater number of poten-

tial cooling collisions. Collisional cooling may then be more efficient,

and the excitation voltage required to achieve the same degree of

fragmentation (1-SY) in the same time window (excitation time) must

therefore be increased. At medium pressure, the plateau for the Arg-

Pept/IntPept mixture is observed from 0.92 to 1.18 V (Figure 1),

whereas at high pressure, the plateau becomes almost twice as wide

and is shifted to higher excitation voltages, that is, from 1.24 to 1.65 V

(Figure 9). This effect was already observed for a mixture of three iso-

baric compounds: the high trapping pressure showing a better differen-

tiation of the isobaric compounds with the appearance of two plateaus

that were not visible at lower pressures.22 In our case, the plateau is

observed at both pressures, eliminating the need to increase the trap-

ping gas pressure for pseudo-MRM quantification of the tryptic pep-

tide. Nevertheless, it may become necessary to increase the trapping

gas pressure in case the isobaric interferences fragment at excitation

voltages that are too similar to those of the analyte, which could com-

plicate the removal of the interference by GPCP.

The horizontal position of the plateau indicates that IntPept is

fully fragmented at 1.24 V (orange vertical line, Figure 9), and GPCP

must be performed at high trapping pressure at a minimum excitation

voltage of 1.24 V.

To show that the same information can also be obtained with an

internal standard, we plotted the ratio, R, of MS peaks intensities for

‘analyte/IS’ as a function of CID excitation voltage. The MS/MS spec-

tra were also acquired using a broadband isolation window of 8 m/z

centred at m/z 783.00, as previously done for medium pressure. Three

distinct peptide mixtures were analysed. The first mixture contained

only ArgPept and IS, the second one only IntPept and IS and the third

one contained all three peptides. The R ratios were plotted against

the excitation voltage for the three mixtures (Figure 10).

F IGURE 9 Survival yield (SY) curves for the pure protonated
IntPept (black circles), ArgPept (red diamonds) and IS (green triangles).
The SY curve of a mixture with a molar ratio 1:1 of ArgPept and
IntPept (blue vertical triangles) is also shown. The ion trap pressure
was 3.00 10�5 mbar.

F IGURE 10 Ratio, R, of mass spectrometry (MS) peak intensities
for m/z 781.4 and m/z 784.4. R is plotted as a function of the

collision-induced dissociation (CID) excitation voltage for three
mixtures of IS, ArgPept and IntPept. All MS/MS spectra were acquired
with a broadband isolation window of 8 m/z centred at m/z 743. The
mixture with the three peptides was also measured by liquid
chromatography (LC) at four excitation voltages (depicted as blue
stars). The R ratios calculated for LC were very similar to those
calculated with direct infusion.
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The behaviour of R with the excitation voltage is in accordance

with the results obtained at medium gas trapping pressure (Figure 3).

GPCP is also clearly observed for the IntPept/IS mixture (i.e., 1:0:1,

red triangles in Figure 10). The ratio R decreases monotonously as the

excitation voltage is increased to reach a value of 0 at 1.28 V

(as shown in Figure 9 for the SY curve of IntPept). As previously

observed for medium pressure, R remains almost constant at all exci-

tation voltages (R ≈ 0.9) for the mixture of ArgPept and IS (i.e., 1:1:0,

green cross in Figure 10). The ratios R curve obtained for the 1:1:1

mixture of the three peptides (black diamonds) is also a linear combi-

nation of the same curves obtained for the IntPept/IS and ArgPept/IS

mixtures showing a monotonous decrease with increasing the excita-

tion voltage. However, it does not reach R = 0 at 1.28 V. Instead, a

plateau at R ≈ 0.9 is observed from 1.28 up to 1.55 V, which is very

close to the ratio R obtained for the ArgPept/IS mixture (green cross,

Figure 10). These results therefore confirm that the plateau R is a reli-

able indicator of GPCP even at high trapping gas pressure.

LC was coupled to the ion trap mass spectrometer. The LC condi-

tions were tuned to minimise the analysis time. As with direct infu-

sion, MS/MS chromatograms were measured with a wide isolation

window of 8 m/z centred at m/z 783.00. ArgPept and IntPept were

injected separately. The retention times were 0.7 min for ArgPept and

0.8 min for IntPept (see Figure S3). Therefore, under these conditions,

the tryptic peptide and its isobaric interference partially co-elute.

Figure 11 shows the LC-MS/MS chromatograms for the mixture

of the three peptides (1:1:1). These chromatograms were obtained at

two excitation voltages: before GPCP (at 0.88 V, left-hand side of

Figure 11) and after GPCP (at 1.36 V, right-hand side of Figure 11).

Two EICs were obtained: at m/z 781.4 (for ArgPept, in blue) and at

m/z 784.4 (for IS, in magenta).

The peak height for ArgPept at 1.36 V decreased significantly due

to the elimination of the co-eluted isobaric interference, whereas the

peak height for IS remains almost unaffected. The complete elimination

of the co-eluted interference is also confirmed by the chromatograms

obtained for the mixture of IntPept and IS at the same excitation volt-

ages (see Figure S4). The EIC for IntPept shows no chromatographic

peak at 1.36 V, whereas the IS chromatographic peak appears almost

unaffected. Furthermore, it can be observed that the chromatographic

peaks of ArgPept and IS are perfectly overlapping at 1.36 V, which was

not the case at 0.88 V, also showing that the co-eluted interference can

be discarded by GPCP. The perfect co-elution of ArgPept and IS can be

observed from the chromatograms obtained for the mixture of ArgPept

and IS (see Figure S5). The EICs obtained at both excitation voltages in

Figure S5 show perfect co-elution of both compounds. Moreover, the

chromatograms are almost unaffected at 1.36 V, confirming that neither

ArgPept nor IS show fragment ions at 1.36 V.

The ratio, R, was calculated from both chromatograms as the ratio

of the peak areas obtained for ArgPept (EIC at m/z 781.4) and IS (EIC

at m/z 784.4). At 0.88 V, we obtained a ratio R = 1.22 that, as shown

in Figure 10 with blue stars, is very similar to the ratio obtained for

the same sample by direct infusion (black diamonds). LC was also per-

formed at 0.96 V, and the ratio of peak areas, R, decreases as

observed for direct infusion. At 1.36 V, R decreased to 0.89 due to

the complete fragmentation of the co-eluted IntPept by pseudo-

MRM. Figure 10 shows that almost the same ratio of peak areas was

obtained at 1.52 V, indicating that in LC, this ratio, R, remains almost

constant after GPCP and is very similar to the R values obtained by

direct infusion. Therefore, the proposed method could be used not

only in direct infusion but also in combination with LC for the analysis

of complex samples.

F IGURE 11 Liquid chromatography tandem mass spectrometry (LC-MS/MS) chromatograms obtained by pseudo-multiple reaction
monitoring (MRM) for the 1:1:1 mixture of the three peptides. The chromatograms are shown before GPCP (at 0.88 V, left-hand side) and after
gas-phase collisional purification (GPCP, right-hand side). Two extracted ion chromatograms (EICs) are shown: one for m/z 781.4 (blue curve,
ArgPept) and another for m/z 784.4 (magenta curve, IS). The chromatographic peak of ArgPept decreases significantly at 1.36 V due to the
fragmentation of the interference, whereas the chromatographic peak of IS remains quite similar at both excitation voltages. As with direct
infusion, the chromatograms were acquired at high trapping gas pressure (3.00�10�5 mbar) and with a wide isolation window (8 m/z centred
at m/z 783).
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4 | CONCLUSIONS

We successfully quantified a trypic peptide by using an isotopically

labelled internal standard and energy-resolved tandem mass spec-

trometry strategy (ERMS), despite the presence of an isobaric pep-

tide. This was achieved using CID ERMS on an ion trap mass

analyser, with the use of an unconventional broadband isolation

window to simultaneously isolate and excite both the analyte and its

internal standard. This method can be considered an alternative way

to performing parallel pseudo-MRM.30,31 Few years ago, we pre-

sented this strategy as a proof-of-concept and by employing a

sodium-cationised poly(ethylene)-glycol as a dummy internal stan-

dard with a similar m/z.25 In this paper, we have gone a step further

by substituting the dummy internal standard with a conventional iso-

topically labelled internal standard, which is frequently employed in

MS for quantification purposes. Herein, the methodology has been

assessed and validated through statistical tools such as ANOVA and

a reference sample that is entirely independent from the calibration

standards. In addition to quantifying the tryptic peptide using an

Internal Standard (IS) calibration model, we have also demonstrated

that it is also feasible to quantify the isobaric peptide by standard

additions.

In the present case, monitoring the analyte/IS ratio as a function

of the excitation voltage showed a gradual decrease in the presence

of isobaric contamination. This is due to differences in the fragmen-

tation energetics of the tryptic and non-tryptic (interferent) pep-

tides. The appearance of a plateau above a certain excitation voltage

indeed indicates complete fragmentation of the isobaric non-tryptic

peptide interferent. The ratio R at the plateau remains unaffected by

the concentration of interferent, meaning that the tryptic peptide

was purified from its isobaric contaminant, as confirmed by the one-

way ANOVA. Thus, this plateau is a reliable indicator for determining

the excitation voltage to be applied in pseudo-MRM.

We applied pseudo-MRM above this excitation voltage to

quantify the trypic peptide with an internal standard calibration

model. The calibration model showed no lack of fit and a linear

dynamic range from 0.5 up to 2.5 μM. The detection limit was

0.08 μM. Two contaminated standards, intentionally contaminated

with the isobaric peptide, were correctly quantified by pseudo-

MRM with 1% deviation. Similar results were obtained with lower

concentrations of IS and tryptic peptide. The accuracy of the

method for quantifying the tryptic peptide was also assessed and

yielded �1.2% deviation and a confidence interval of 0.395

± 0.039 μM (prepared at 0.40 μM). The interferent was also quanti-

fied by standard additions down to 0.2 μM with �3% deviation.

Finally, comparable results were obtained by LC ERMS experiments,

suggesting the capability of analysing complex samples with the

proposed methodology.
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