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In this  contribution,  a  multiplicative  effects  model  with  a  parameter  accounting  for  the  variations  in over-
all sensitivity  over  time  was  proposed  to  reduce  the  effects  of  signal  instability  on quantitative  results  of
LC–MS/MS.  This  method  allows  the  use  of  calibration  models  constructed  from  large  standard  sets  with-
out  having  to repeat  their  measurement  even  though  variations  occur  in sensitivity  and  baseline  signal
intensity.  The  performance  of  the proposed  method  was  tested  on  two  proof-of-concept  model  systems:
the  determination  of  the  target  peptide  in  two  sets of  peptide  digests  mixtures  and  the  quantification
of melamine  and  metronidazole  in two  sets  of milk  powder  samples.  Experimental  results  confirmed
that  multiplicative  effects  model  could  provide  quite  satisfactory  concentration  predictions  for  both  sys-
ignal instability
ultiplicative effects model

on suppression

tems  with  average  relative  predictive  error  values  far lower  than  the  corresponding  values  of  various
models  investigated  in  this  paper.  Considering  its  capability  in  solving  the problem  of  signal  instability
across  samples  and  over  time  in  LC–MS/MS  assays  and  its implementation  simplicity,  it  is expected  that
the  multiplicative  effects  model  can  be  developed  and  extended  in  many  application  areas  such  as  the
quantification  of  specific  protein  in  cells  and  human  plasma  and  other  complex  systems.
. Introduction

Due to its inherent selectivity and sensitivity, tandem mass
pectrometry coupled to liquid chromatography (LC–MS/MS) has
een widely applied to the analysis of samples ranging from small
olecules [1,2] to large protein mixtures [3,4]. However, its appli-

ation suffers from ion suppression that electrospray ionization
esponse of organic bases decreased with an increase in concen-
rations of other organic bases [5]. Moreover, the gradual fouling of
he ion source, vacuum instability, and aging of the ion multiplier
nd the headspace sampler might also lead to changes in sensi-
ivity and gradual drifting of baseline signal intensity over time.
ll these factors affect the overall sensitivity and signal stability of
C–MS/MS and hence limit its use in routine quantitative analysis.

Recently, the emergence of proteomics saw increasing appli-
ation of LC–MS/MS to quantitative analysis of proteins [6].
uantification of proteins by LC–MS/MS can be classified in two
ajor approaches: the label-free methods such as spectral counting

7–11] and peptide ion intensity [12], and the labeling tech-

iques including cysteine labeling [13], proteolytic 18O labeling
14], metabolic labeling [15] and tandem mass tagging [16,17]
s well. However, quantification of proteins by LC–MS/MS is still

∗ Corresponding author. Tel.: +86 731 88821989; fax: +86 731 88821989.
E-mail address: zpchen2002@hotmail.com (Z.-P. Chen).
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021-9673/© 2014 Elsevier B.V. All rights reserved.
©  2014  Elsevier  B.V.  All  rights  reserved.

challenging, largely because of the above mentioned ionization
suppression among coeluting species [5] and instability factors
associated with mass spectrometry. Barnidge et al. quantified the
tryptic cleavage product of native ROS from two experiments run
on two  different days using the same standard curve (i.e. calibra-
tion model) made from dilutions of a synthetic version of the tryptic
peptide. Their results showed that the coefficient of variation values
for these two experiments were quite different, with a value of 0.4%
for experiment 1 and a value of 28% for experiment 2 [18]. These
results fully demonstrate that LC–MS/MS as a quantitative tool for
proteins has the problem of long term signal instability. Therefore,
the long term stability of a calibration model established for rou-
tine quantitative application of LC–MS/MS is questionable. With a
view to enable the routine quantification of analytes (e.g. proteins)
in complex systems by LC–MS/MS, a multiplicative effects model
was proposed in this contribution to reduce the effects of signal
instability on quantitative results, and hence to achieve accurate
routine quantification assays using LC–MS/MS.

2. Experimental
2.1. Chemicals

Synthetic peptides, GGSERGSSGDREGSDQDKSEDG and TTVSK-
TETSQVAPA(>98% purity), were purchased from ChinaPeptides Co.,

dx.doi.org/10.1016/j.chroma.2014.02.036
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chroma.2014.02.036&domain=pdf
mailto:zpchen2002@hotmail.com
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td. (Shanghai, China). Acetonitrile (HPLC grade) and methanol
HPLC grade) were obtained from Oceanpak Alexative chemical
o., Ltd. (Beijing, China). Formic acid (HPLC grade), ammo-
ium bicarbonate (analytical grade), hydrogen chloride (analytical
rade), sequencing grade modified trypsin, melamine (analyt-
cal grade), metronidazole (analytical grade), chloramphenicol
analytical grade), ammonium acetate (analytical grade) and
mmonia solution (analytical grade) were purchased from Aladdin
eagent (Shanghai, China). Milk powder was obtained from Nes-
le Shuangcheng Ltd. All chemicals were used as received without
ny further purification. Ultrapure water (18.25 M� cm)  was  used
hroughout this study.

.2. Sample preparation for quantification of peptide in synthetic
eptide digests

Stock solutions of synthetic peptide digests were prepared as
ollows. 1 mg  of each synthetic peptide was dissolved in 1 mL  of
00 mM ammonium bicarbonate buffer, and then boiled for ten
inutes. After the solution was cooled down to room temper-

ture, sequencing-grade trypsin at an enzyme: peptide ratio of
:50 was added. The mixture was incubated at 37 ◦C for 6 h, and
hen an additional amount of trypsin (1:50) was added. The mix-
ure was continually incubated at 37 ◦C for another 16 h. Stock
olutions of synthetic peptide digests were further diluted by 9:1
v/v) water/acetonitrile solution and mixed together to prepare
even mixture samples comprising 0.1% acetic acid, 0.1 �g/mL
TVSKTETSQVAPA (internal standard) and GGSERGSSGDREGS-
QDKSEDG (target analyte) with concentration ranging from
.100 �g/mL to 30.0 �g/mL (referred to as “experiment 1”). Fif-
een days later, twelve peptide digests mixture samples comprising
.1% acetic acid, 0.100 �g/mL TTVSKTETSQVAPA and GGSERGSSG-
REGSDQDKSEDG with concentration varying from 0.100 �g/mL

o 30.0 �g/mL were prepared and analyzed in the same way  as the
bove seven samples (referred to as “experiment 2”). The detailed
xperimental designs of the above two experiments are listed in
able S1 (Supporting Information).

.3. Sample preparation for quantification of melamine and
etronidazole in milk powder

Stock solutions (100 �g/mL) of melamine, metronidazole and
hloramphenicol were prepared by dissolving appropriate amount
f each compound in methanol and treated with an ultrasonic bath
or 5 min, respectively. Working standard solutions of the three
hemical compounds were obtained by diluting the corresponding
tock solutions with appropriate amount of methanol, respectively.

Eight milk powder samples (referred to as “experiment 1”) were
repared by precisely weighing 0.200 g of milk powder and mixing

t with 1.5 mL  of water and certain volumes of standard solutions of
elamine, metronidazole and chloramphenicol in 10 mL  centrifuge

ubes. The mixture samples were treated with an ultrasonic bath for
 min. Subsequently, 1% ammonia/acetonitrile solution was added
o bring each mixture sample up to a total volume of 5 mL.  After
eing treated with an ultrasonic bath for another 30 min, each
ixture sample was then centrifuged at a rate of 10,000 r/min for

5 min  at room temperature. The supernatant (ca. 1 mL)  was then
ransferred into a HPLC vial for further LC–MS/MS analysis. Twenty-
ve days later, another six mixture samples were prepared and
nalyzed in the same way as the above eight samples (referred to as

experiment 2”). The concentrations of melamine and metronida-
ole in the mixture samples were in the ranges of 0.100–7.00 �g/mL
nd 0.200–14.0 �g/mL, respectively. Chloramphenicol was  served
s an internal standard. Its concentration was therefore kept at
. A 1338 (2014) 44–50 45

1.00 �g/mL. The detailed experimental designs of the above two
experiments are listed in Table S2 (Supporting Information).

2.4. Peptide identification conditions

Peptide identification was carried out on an EASY-nano
LC1000 coupled online to an ESI-LTQ-Orbitrap Velos mass spec-
trometer (Thermo Fisher Scientific). 4 �L of peptide digests
of GGSERGSSGDREGSDQDKSEDG (10.0 �g/mL), TTVSKTETSQVAPA
(10.0 �g/mL), and mixture comprising of GGSERGSSGDREGS-
DQDKSEDG (10.0 �g/mL) and TTVSKTETSQVAPA (10 �g/mL) were
eluted through a trap column (column size: C18, 75 �m × 2 cm,
bead size: 3 �m,  pore size: 100 Å) and an analytical column (col-
umn  size: C18, 50 �m × 15 cm,  bead size: 2 �m,  pore size: 100 Å)
running under gradient elution mode with linear decrease of 100%
eluent A (0.1% formic acid in water) to 60% eluent B (0.1% formic
acid in acetonitrile) within 15 min. Mass spectra were acquired in
a positive mode using the data-dependent automatic (DDA) sur-
vey MS  scan. Each DDA consisted of a survey scan of the m/z range
200–2000 with a resolution of 60,000. Subsequently, tandem mass
spectra (MS/MS) acquisition of the 4 most intense ions was carried
out in the linear trap quadrupole (LTQ) using the collision-induced
dissociation.

2.5. Peptide quantification conditions

Peptide quantification was performed on an 1290 HPLC sys-
tem (Agilent Technologies) equipped with a 2.0 mm × 150 mm C18
reversed-phase column with a bead size of 5-�m and a pore size
of 300-Å (Jupiter, phenomenex, Guangzhou, China). The column
was maintained at 30 ◦C. The mobile phase consisted of water con-
taining 0.1% formic acid (eluent A) and acetonitrile containing 0.1%
formic acid (eluent B). Gradient elution was performed with lin-
ear decrease of 95–72% A within 12 min. The flow rate was set to
0.1 mL/min. For each sample, a volume of 10 �L was  loaded onto
the column via an autosampler from a 96-well sample tray. The col-
umn  was  re-equilibrated at initial conditions for 6 min  before the
next analysis. Each sample in both experiment 1 and experiment 2
was analyzed nine and three times, respectively. LC–MS/MS data of
samples was collected by an Agilent G6460 Triple Quadrupole mass
spectrometer (Agilent Technologies) with electrospray interface
(ESI) operated in the positive mode using the following settings:
nebulizer pressure = 15 psi, fragmentor voltage = 135 V, capillary
voltage = 4000 V, drying gas flow rate = 11 L/min; and drying gas
temperature = 300 ◦C, electron multiplier voltage = 200 V. The flow-
rate of collision gas (high purity N2) was set at an appropriate value
such that the high vacuum pressure was 2.3 × 10−5 Torr. The MS
detector was operated in MS2  scan mode (200–910 amu) at a rate
of 2.25 cycle/s. The scan time of each scanning was 200 ms.

2.6. LC–MS/MS conditions for quantification of melamine and
metronidazole in milk powder

Quantification of melamine and metronidazole in milk powder
samples was  performed on the same LC–MS/MS system as used in
peptide quantification experiments. The column was maintained
at 25 ◦C. The mobile phase consisted of water containing 0.04%
formic acid and 60 mM ammonium acetate (eluent A) and methanol
(eluent B). Gradient elution was performed with linear decrease
of 90–10% A within 7 min. The flow rate was set to 0.2 mL/min.
For each sample, a volume of 10 �L was  loaded onto the column
via an autosampler from a 96-well sample tray. The column was

re-equilibrated at initial conditions for 4 min  before the next analy-
sis. Each sample was  analyzed three times. The mass spectrometer
was operated in the positive mode for both melamine and met-
ronidazole, and in the negative mode for chloramphenicol using
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he same settings as used in peptide quantification experiments.
he MS  detector was operated in multiple reaction monitoring
MRM)  at a rate of 2.25 cycle/s. The scan time of each scanning was
00 ms.  The collision energy, qualitative and quantitative ion pairs
or melamine, metronidazole and chloramphenicol were provided
n Table S3 (Supportive Information).

.7. Data analysis

For the quantification of peptide in peptide digests mixtures, the
alibration set consisted of LC–MS/MS data of four samples from
xperiment 1 and two samples from experiment 2 (Table S1, Sup-
ortive Information). The calibration set for the quantification of
elamine and metronidazole in milk powder also contained two

amples from experiment 2 (Table S2, Supportive Information). The
eason for adding two samples from experiment 2 into the cali-
ration sets was  to account for the possible differences between
he background interferences in the two experiments. In order to

itigate the effects of ionization suppression and signal instabil-
ty on quantitative results, the following novel data structure and

ultiplicative effects model for mass spectroscopy (MEMMS) were
dopted for the analysis of LC–MS/MS data.

i = x1i + x2i, i = 1, 2, . . .,  N (1)

here, for MS  detector operated in MS2  scan mode, x1i and x2i
epresent the mass spectra of the target analyte and the inter-
al standard in the i-th sample recorded at the peaks of their
hromatographic elution curves, respectively (Fig. S1, Supporting
nformation); If the MS detector was operated in MRM  mode, x1i
nd x2i represent the chromatograms of the target analyte and
he internal standard in the i-th sample at their quantitative ions,
espectively. N is the number of samples.

Considering the presence of background interferences and vari-
tions in overall sensitivity caused by ion suppression, x1i and x2i
an then be decomposed as follows:

1i = bi · ctarg,istarg + f1i. . . x2i = bi · cstand,isstand + f2i (2)

ere, ctarg,i and cstand,i are the concentrations of the target analyte
nd the internal standard in the i-th sample, respectively. starg and
stand represent the pure mass spectra (or chromatograms) of the
arget analyte and the internal standard per unit concentration.
1i and f2i denote the signal contributions of background interfer-
nces to the mass spectra (or chromatograms) of the target analyte
nd the internal standard in the i-th sample, respectively. The
ultiplicative parameter bi accounts for the variations in overall

ensitivity caused by ionization suppression and signal instability
cross samples. Therefore, xi can be re-expressed as follows:

i = bi · ctarg,istarg + bi · cs tan d,iss tan d + f1i + f2i (3)

ince the concentration of the internal standard (cstand,i) is kept
onstant across samples, the multiplicative parameter vector
b = [b1; b2; · · ·; bN]) for calibration samples can be estimated out
y the modified optical path length estimation and correction
ethod (OPLECm) developed by Chen et al. [19,20]. Define Xcal =

x1; x2; . . .;  xN] and ctarg = [ctarg,1; ctarg,2; . . .;  ctarg,N], the following
wo calibration models can be built by multivariate linear calibra-
ion methods (e.g. partial least square regression, PLS).

 = ˛11 + Xcal�1; diag(ctarg)b = �21 + Xcal�2 (4)

ere, diag(ctarg) denotes the diagonal matrix in which the corre-
ponding diagonal elements are the elements of ctarg. Once the
odel parameters ˛1, �1, ˛2, and �2 are estimated by PLS, the
oncentration of the target analyte in a test sample can then
e accurately predicted from Xtest (xtest = x1test + x2test) through
ividing the prediction of the second calibration model by the cor-
esponding prediction of the first calibration model.
. A 1338 (2014) 44–50

For comparison purpose, PLS calibration models were also built
between ctarg and the raw data (Xcal) or the preprocessed data by
multiplicative signal correction (MSC) [21], standard normal vari-
ate (SNV) [22] and extended inverted signal correction (EISC) [23].
The optimal MEMMS and PLS calibration models were determined
by leave-one-out cross validation procedure. For the convenience
of presentation, thereafter, PLS calibration models built on the raw
and preprocessed Xcal by MSC, EISC and SNV are denoted by PLSraw,
PLSMSC, PLSEISC and PLSSNV, respectively.

3. Results and discussion

3.1. Quantification of peptide in synthetic peptide digests

3.1.1. Peptide identification
The total ions chromatogram of peptide digests of GGSERGSSG-

DREGSDQDKSEDG (Fig. S2a, Supporting Information) shows three
distinctive peaks at 5.48, 5.50 and 6.15 min, respectively; while that
of TTVSKTETSQVAPA has one main peak at 10.46 min  (Fig. S2b, Sup-
porting Information). Corresponding peaks can be observed in the
total ions chromatograms of peptide digests of mixture comprising
of GGSERGSSGDREGSDQDKSEDG and TTVSKTETSQVAPA (Fig. S2c,
Supporting Information). Based on the sequences of the peptides
identified automatically by LTQ orbitrap velos pro (Thermo Fisher
Scientific) equipped with SEQUEST program (Table S4, Supporting
Information), the mass spectra at the peaks of the chromatographic
elution curves of peptides [EGSDQDKSEDG]2+ (at 5.50 min) and
[TETSQVAPA]2+ (at 10.46 min) were taken as x1i and x2i, respec-
tively.

3.1.2. Peptide quantification
The effects of ionization suppression among coeluting peptide

digests and signal instability across samples can distort the lin-
ear relationship between the intensity and the concentration of
peptide digests, thereby deteriorating the prediction capability of
multivariate linear calibration models built on the raw LC–MS/MS
data. Fig. 1a shows the concentration of target peptide in both the
calibration and test samples predicted by PLS calibration model
(PLSraw) on the raw Xcal with two  underlying components. The sig-
nificant deviations of the predictions of PLSraw model from the
expected values clearly demonstrated the impotency of PLSraw

model in accounting for the effects of ionization suppression and
signal instability across samples in LC–MS/MS assay.

Compare with the PLSraw model, MEMMS model was  purposely
designed to mitigate the effects of signal instability across samples
in LC–MS/MS assay. The application of MEMMS involves the esti-
mation of the multiplicative parameter vector b for the calibration
samples. The multiplicative parameters estimated by OPLECm for
the calibration samples vary in the range of 1.0–1.78 (Fig. S3, Sup-
porting Information) It is evident that different samples generally
have rather different multiplicative parameter values, i.e. different
overall sensitivities. After the estimation of b, an optimal MEMMS
calibration model with seven underlying components was estab-
lished on the raw Xcal. The results displayed in Fig. 1b showed that
MEMMS model not only fitted the calibration samples quite well
but more importantly provided considerably accurate predictions
for the test samples. The predicted values of MEMMS model are very
close to their expected ones, which fully demonstrated the effec-
tiveness of MEMMS model in fulfilling its designated mission, i.e.,
solving the problem of signal instability of mass spectrometer.

For a more convincing comparison, the performance of the

optimal MEMMS and various PLS calibration models (i.e., PLSraw,
PLSMSC, PLSEISC and PLSSNV) for the test samples were investigated.
As shown in Table 1, the root-mean-square error of prediction
(RMSEP) values of PLSraw model were 0.6910 and 1.531 �g/mL for
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Fig. 1. Concentration of the target peptide in the calibration (green circle) and test (triangle) samples predicted by the optimal PLS calibration model (PLSraw) on the raw
Xcal (a) and the MEMMS model (b) (red triangle up: the test samples from experiment 1; blue triangle down: the test samples from experiment 2). (For interpretation of the
references to color in this figure legend, the reader is referred to the web  version of the article.)

Table 1
The predictive performance of different calibration methods for the test samples of peptide digests.

Method Experiment 1 Experiment 2

RMSEPa (�g/mL) ARPEb (%) RMSEP (�g/mL) ARPE (%)

PLSraw 0.691 36.1 1.53 27.9
PLSEISC 1.20 31.6 5.00 52.3
PLSMSC 2.37 162.8 4.29 79.5
PLSSNV 1.59 53.7 4.47 57.7
MEMMS 0.388 8.4 0.938 11.2

a RMSEP: root mean square error of prediction (RMSEP =
√∑N

i=1
(ĉi − ci)

2
/N).

b ARPE: average relative predictive error (ARPE = (1/N)
∑N

1=1
(
∣∣ĉi − ci

∣∣/ci) × 100%).
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Fig. 2. The standard deviations (SD =
√∑I

i=1
(ĉi − ctrue)2

/(I − 1)) of the predictions obtained by different calibration methods for the target peptide in the test samples

from  both experiment 1 (a) and experiment 2 (b).

Table 2
The predictive performance of MEMMS and PLSraw for metronidazole and melamine in the test powder milk samples.

Compound Method Experiment 1 Experiment 2

RMSEP (�g/mL) ARPE (%) RMSEP (�g/mL) ARPE (%)

Metronidazole PLSraw 0.069 9.0 0.148 32.0
MEMMS 0.038 6.4 0.057 7.8

Melamine PLSraw 0.109 9.6 0.942 11.4
MEMMS 0.060 6.4 0.387 7.6
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he test samples from experiment 1 and experiment 2, respectively.
t clearly demonstrated that the variation in the overall sensitiv-
ty over time in LC–MS/MS assay could significantly deteriorate
he predictive capability of calibration models. The application of
pectral processing methods such as MSC, EISC, and SNV saw no
mprovement but rather significant deterioration in the predictive
bility of PLS calibration models, which reveals the fact that spec-
ral preprocessing methods MSC, EISC, and SNV are not effective
ptions for the correction of overall sensitivity variation and signal
nstability in LC–MS/MS assay.

The optimal MEMMS model achieved RMSEP values of 0.3878
nd 0.9384 �g/mL for the test samples from experiment 1 and
xperiment 2, which are equivalent to average relative predic-
ive error (ARPE) values of about 8.4% and 11.2% (far lower than
he corresponding values of various PLS models), respectively. Fur-
hermore, the standard deviations of the predictions obtained by

EMMS model for the test samples from both experiment 1 and
xperiment 2 are consistently and significantly lower than those of
he other methods (Fig. 2). These results confirmed that the vari-
tions in the total sensitivity cross samples and over time as well
ave little impact on the predictive capability of MEMMS model.

.2. Quantification of melamine and metronidazole in milk
owder

The total ion chromatogram of a milk powder sample con-
aining of melamine, metronidazole and chloramphenicol in MS2
can mode (Fig. S4a, Supportive Information) revealed the presence
f significant baseline drift and background interferences in the
C–MS/MS data of milk powder samples. Furthermore, the chro-
atographic peaks were not well separated. These facts suggested

hat the LC–MS/MS data collected in MS2  scan model was not
ppropriate for accurate quantitative analysis of the target ana-
ytes. In contrast, there are only four chromatographic peaks in the
otal ion chromatogram of the same milk powder sample collected
n MRM  scan mode, and these chromatographic peaks are well sep-
rated (Fig. S4b, Supportive Information). Therefore, the calibration
odels for the quantitative analysis of melamine and metronida-

ole in milk powder samples were built on the LC–MS/MS data
ollected in MRM  scan mode.

As shown in Table 2, the predictive results of the PLSraw cali-
ration models for both metronidazole and melamine in the test
owder milk samples of experiment 1 were basically satisfactory,
ith ARPE values of 9.0 and 9.6%, respectively. However, deterio-

ation in the predictive capability of PLSraw calibration models for
oth metronidazole and melamine in the test powder milk sam-
les of experiment 2 was observed. The ARPE values of the PLSraw

alibration models for melamine and metronidazole increased up
o 11.4% and 32.0%, respectively, which demonstrated ionization
uppression and signal instability across samples have different
egrees of detrimental effects on different analytes. The PLSraw cal-

bration models could not deal with the detrimental effects caused
y ionization suppression and signal instability across samples.

As expected, the MEMMS calibration models achieved quite sat-
sfactory predictive results (ARPE: 6.4%) for both metronidazole and

elamine in the test powder milk samples of experiment 1. Ion-
zation suppression and signal instability across samples seemed to
ave no significant effects on the prediction capability of MEMMS
alibration models for both metronidazole and melamine in the test
owder milk samples of experiment 2 (Table 2). The ARPE values of
he MEMMS calibration models for metronidazole and melamine in
he test powder milk samples of experiment 2 were 7.8% and 7.6%,

espectively. These results further confirmed that MEMMS calibra-
ion models were capable of modeling the variations in the total
ensitivity cross samples and over time. With the application of
EMMS model, long term accuracy and stability in quantitative
. A 1338 (2014) 44–50 49

LC–MS/MS assays can be realized by just adding as few as two new
samples into the calibration model for each batch of test samples.

4. Conclusions

With a view to realize the routine use of LC–MS/MS for quantita-
tive analysis, a novel data structure and multiplicative effects model
for mass spectroscopy (MEMMS) were proposed for the analysis of
LC–MS/MS data. For MS  detector operated in MS2  scan mode, the
two mass spectra of the target analyte and the internal standard
in a sample recorded at the peaks of their chromatographic elu-
tion curves were summed up to give a virtual spectrum, which
was then subjected to quantitative analysis using MEMMS model.
If the MS  detector was operated in MRM  mode, the MEMMS model
was built on virtual chromatograms. Each virtual chromatogram
was the summation of the chromatograms of the target analyte
and the internal standard in a sample at their quantitative ions,
respectively. In MEMMS model, a multiplicative parameter was
introduced to account for the variations in overall sensitivity caused
by ionization suppression and signal instability across samples.
Experimental results on two  proof of concept model systems (i.e.
the determination of the target peptide in peptide digests mix-
tures, and the quantification of melamine and metronidazole in
milk powder samples) revealed that the variations in overall sen-
sitivity and signal instability across samples in LC–MS/MS assay
caused large predictive errors in the predictions of PLS calibra-
tion models. The application of empirical spectral preprocessing
methods such as multiplicative signal correction, standard nor-
mal  variate and extended inverted signal correction significantly
deteriorated instead of improved the predictive accuracy of PLS cal-
ibration models. While in contrast, the results obtained by MEMMS
were highly satisfactory. Ionization suppression and signal insta-
bility across samples did not cause significant deterioration in the
predictive capability of MEMMS calibration models. Long term accu-
racy and stability in quantitative LC–MS/MS assays was realized by
just adding as few as two new samples into the calibration sample
set of MEMMS model for each batch of test samples. Our future work
is to further develop and extend MEMMS into application areas such
as the quantification of specific protein in cells and human plasma.
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