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a b s t r a c t

With the growing interest for peptides and proteins in different kinds of fields, e.g. pharmacy, clinical diag-
nostics or food industry, the quantification of these compounds is becoming more and more important.
Quantitative analysis of these analytes in biological matrices, however, remains a challenging task, due to
the complexity of both the matrix and the analytical characteristics of these large bio-molecules. Liquid
chromatography coupled to (tandem) mass spectrometry (LC–MS or LC–MS/MS) is the preferred analyt-
ical technique for peptide analysis as it allows very selective and sensitive measurements. This article
summarizes the numerous published LC–MS applications for the quantification of peptides in biological
matrices and discusses all different issues herewith concerned. This includes chromatographic aspects
as the selection and effects of mobile and stationary phase, flow rate and temperature, as well as mass
spectrometric characteristics such as ionization and detection modes, collision-induced dissociation of

peptides and factors influencing the mass spectrometric response. For both techniques the main prop-
erties of all described methods have been listed, creating a comprehensive overview with the peptide
analytes divided into different classes. Likewise, all other issues concerned with quantitative bioanaly-
sis have been evaluated in detail, including extensive consideration of several different applied sample
pre-treatment techniques and reflection of subjects as the choice for an internal standard and assay val-
idation. Furthermore, several issues which are of particular interest for the quantitative bioanalysis of

peptide compounds like peptide adsorption and degradation have been regarded.

© 2008 Elsevier B.V. All rights reserved.
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potential. Neutral compounds, on the other hand, will more eas-
ily exhibit hydrophobic interactions with hydrophobic materials,
e.g. polypropylene. It was demonstrated that from a set of pro-
teolytic peptides, the effect of adsorption was most pronounced
for hydrophobic peptides using polypropylene vials, as a result of
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. Introduction

Peptides and proteins are becoming increasingly important in
ifferent types of biomedical research. For example, in the phar-
aceutical industry peptides are emerging as a novel class of

herapeutic agents, especially in cancer therapy [1]. These peptide
herapeutics are often synthetic analogs of endogenous peptides,
uch as hormones or neurotransmitters [2–5] or are derived
rom natural bio-active peptides, mainly of marine origin or with
ntimicrobial activity [6–10]. Besides the usefulness of peptides as
emplates for novel pharmaceutical compounds, endogenous pep-
ides can also provide information about physiological conditions
r important functional processes in the body and are therefore
xtensively explored for applications as diagnostic tools for differ-
nt types of diseases [11,12].

With this growing interest in peptides, techniques for the quan-
ification of these compounds in their biological environment are
equired. For peptide therapeutics, quantitative bioanalytical tech-
iques have been developed for therapeutic drug monitoring or
o obtain pharmacokinetic information about the compounds dur-
ng both clinical and pre-clinical drug development. Furthermore,
ioanalytical assays have been described for the quantification
f endogenous peptides with diagnostic potential and of pep-
ide digests of proteins to measure the absolute amount of the
ntact protein. The measurement of these smaller peptides is
avored as quantification of large proteins by mass spectrometry is
omplicated and quantification with immunoassays entails major
rawbacks. In addition, quantitative bioassays have been reported
or monitoring peptide degradation [13] or quantifying peptides in
ood [14,15].

Although mainly employed for the quantification of large
roteins, several immunoassays have conventionally also been
mployed for the analysis of peptide drugs [16–21]. Immunolog-
cal methods can be highly sensitive and provide rapid analysis

ith high sample throughput, but a major disadvantage is the
isk of cross-reactivity, as the used antibodies cannot discriminate
etween structurally related peptides. Accurate quantification is
herefore limited and data should be interpreted cautiously.

Other bioanalytical procedures, specifically used in the bio-
nalysis of peptide therapeutics are liquid chromatography (LC)
ombined with ultraviolet (UV) [22–30], fluorescence [31–39]
r electrochemical [40–42] detection. However, these detection
ethods have limited sensitivity and specificity. Separation of

he analyte from interfering matrix components prior to detec-
ion makes sample pre-treatment and long and complicated
C-gradient runs necessary. Fluorescence and electrochemical
etection are also dependent on fluorescent or electro-active prop-
rties of the compound and do otherwise require derivatization.

Nowadays, mass spectrometry is the method of choice for
ensitive and selective detection of peptides. This technique can

iscriminate co-eluting peptides with different masses and by
erforming tandem mass spectrometry even compound specific
asses of fragments can be detected and used for quantification.
Several reviews on the quantitative (bio)analysis of peptides

ppeared during the last years [43–45]. With the rapidly increased
F
j

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

umber of publications of LC–MS and LC–MS/MS bioassays for
eptides, this review provides an expanded overview of the
pplications for the quantification of peptides in biological matri-
es. Different types of peptides, like (potential) therapeutics or
iomarkers, have been categorized according to their origin. The
ummarized LC–MS procedures additionally include peptides that
ave been analyzed after ex vivo digestion as a measure of the total
mount of intact polypeptide or protein. Furthermore, the effect of
eptide degradation on the quantification has been discussed, as
ell as other general aspects on the bioanalysis of peptides such

s a detailed summary of sample pre-treatment techniques. A gen-
ral scheme of a bioanalytical assay with the selected items for this
eview is shown in Fig. 1.

. Sample pre-treatment

.1. Adsorption problems

Peptides are known to adsorb on surfaces, including reaction
ials, pipette tips and parts of the LC–MS system. To minimize the
oss of peptides, resulting in poor responses and non-linear cor-
elations, experiments should be performed cautiously with the
otential adsorption behavior in mind. Factors effecting peptides
dsorption are either container material or peptide and solvent
roperties, such as peptide conformation and concentration or sol-
ent pH, temperature and ionic strength.

The interaction of peptides with solvents and surfaces depends
argely on the specific side chains of the amino acids of the pep-
ide. Positively charged peptides will easily exhibit electrostatic
nteraction with for example glass surfaces, carrying a negative
ig. 1. General steps in a bioanalytical assay with several examples that are sub-
ected to discussion in this review.
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Table 1
SPE procedures for extraction of peptides, including (potential) therapeutics, biomarkers and other peptides, from biological matrices

Analyte MW Matrix SPE sorbent Elution solvent (ratio, % (v/v) or molarity) Recovery (%) Remarksa Reference

Opioid peptides
DADLE 569 Plasma C18 A–W (7:3) 79 ± 11c + Flu [68]
DADLE 569 Plasma PVP-DVB A, T (0.1%) 76 ± 4c [68]
DALDA 611 Plasma C18 A–W (3:7) 71–76c Indirect MS [69]
Dansyl-PQR-NH2 631 Brain tissue C18 A–W, AA (1:1, 3%) ×c [70]
[Dmta] DALDA 639 Plasma PVP-DVB M 80 [71,72]
DPDPE 648 CSF C18 M 97–102 [73]
DSLET 686 Plasma C18 A–W, T (8:2, 0.1%) 85 [74]
LE-R 712 CSF C18 M, T (0.1%) 73 ± 2 + RIA [75]
ME-RF 877 CSF C18 M, T (0.1%) 61 ± 2 + RIA [75]
ME-RGL 900 Plasma C18 A–W–T (8:2, 0.1%) 65 [74]

Hormone analogs and antagonists
Taltirelin 405 Plasma PVP-DVB M 91–95 [76]
Tabimorelin 529 Serum C8 × × [77]
Bradykinin 1-5 572 Plasma MA-DVB M, HCl (0.001 M) × [78]
IRI-514 671 Plasma C18 A–W, T (3:7, 0.1%) >70c [79]
GHRP-6 873 Serum C18 M, T (0.5%) 87 ± 2 + ED [40]
Substance P1–7 899 CSF C18 M, T (0.1%) 72 ± 2 + RIA [75]
Antagonist G 951 Plasma C2 M–W, NA (9:1, 1 M) 71–100 + ED/UV [23,41]
Melanotan-II 1024 Urine C8 A–W, P (3:7, 0.1 M) × + UV [28]
Melanotan-II 1024 Plasma PVP-DVB A–W, T (9:1, 0.1%) >90 96w [80]
Leuprorelin 1209 Serum/urine C18 E–W, AA (86:14, 4%) 88–98 + RIA [20]
Substance P 1347 CSF C18 M, T (0.1%) 71 ± 4 + RIA [75]
Cetrorelix 1430 Plasma/urine C8 M–W, T (9:1, 0.1%) 60–70 [55]
Antagonist D 1517 Plasma C8 M–W, T, NA (8:2, 0.1%; 1 M) 44-74 + ED [41]
Melanotan-I 1647 Plasma C18 A–W, P (3:7, 0.1M) ±50 + UV [26]
Hepcidin-25 2789 Plasma/serum PVP-DVB A–W, T (8:2, 0.05%) 59c 96w [81]
B201 2814 Plasma C18 A–W, T (8:2, 0.1%) 78 [82]
C-peptide 3020 Plasma C8 A–W, P (35:65, 0.025 M) 78–89 [83]
Thymosin-�1 3108 Serum C18 E–W, AA (86:14, 4%) × [63]
C-peptide-31 3020 Serum C18 A–W, T (1:1, 0.1%) ±80 Indirect MS [58]
C-peptide-33 3304
Insulin 5807
Pro-insulin 9388
Insulin 5808 Blood C18 A–W, AA (4:6, 0.05 M) 95 [53]

Antimicrobial peptidesb

Caspofungin 1093 Plasma/urine OH M, T, NH (0.1%; 0.25 M) 76–84 + MS/Flu [35,84]
Caspofungin 1093 Plasma C8 M, T, NH (0.05%; 0.25 M) 76e; 84f 96w + Flu [85]
LY303366 1140 Plasma PH A–W, P (6:4, 0.05 M) 78–90 + UV [30]
Cyclosporin A 1203 Blood C18 IPA-H (1:1) 72.5c [86]
Cyclosporin A 1203 Blood × A ×c 96w; OAs [87]
Cyclosporin A 1203 Blood C18 M–W (9:1) ±90c [88]
Cyclosporin A 1203 Saliva C18 IPA-H (1:1) 85 ± 3c [89]
Cyclosporin A 1203 Blood C18 IPA-H (1:1) 81 ± 5c [90]
Cyclosporin A 1203 Plasma PVP-DVB M 84 ± 10 [91]
Actinomycin-D 1255 Plasma PVP-DVB M ±80 OAs [92,93]
Vancomycin 1449 Plasma C18 A–W, P (1:1, 0.05 M) 92–98 + UV [24]
Vancomycin 1449 Serum C18 1) A–W, P (7:3, 0.05 M) 2) A–W (1:1) × + UV [22]
Vancomycin 1449 Serum SCX M, NH 85–96 [94]
Enfuvirtide 4492 Plasma PVP-DVB A–W, T (6:4, 0.1%) 79–99 + Metabolite [95,96]
Tifuvirtide 5037 Plasma PVP-DVB A–W, T (6:4, 0.1%) 74–110 [95]

Marine derived anticancer peptides
TZT-1027 702 Plasma C18 A-W, T (6:4, 0.05%) 63–88d,e [97]
Aplidine 1110 Plasma/blood C18 ACE 555; 60g + Flu [37,98]
Thiocoraline 1156 Plasma C18 A 67–80c [65]
Kahalalide F 1478 Plasma C18 M, HCl (0.1M) 91 ± 0.5 [99]

Other
Bivalirudin 2180 Plasma/urine C18 M 85–89 + Flu [32]

The peptides have been classified according to their origin. A: acetonitrile; AA: acetic acid; ACE: acetone; B201: bradykinin antagonist; CSF: cerebrospinal fluid; DADLE:
d-Ala2,d-Leu5 enkephalin; DALDA: Tyr-d-Arg-Phe-Lys-NH2; dansyl-PQR-NH2: neuropeptide FF antagonist; DPDPE: D-penicillamine2,5 enkephalin; DSLET: (D-Ser2) Leu-
enkephalin-Thr6; E: ethanol; ED: electrochemical detection; Flu: fluorescence detection; GHRP-6: His-D-Trp-Ala-Trp-D-Phe-Lys-NH2; H: heptane; HCl: hydrochloric acid;
IPA: isopropyl alcohol; IRI-514: Ac-Arg-Pro-Asp-Pro-Phe-NH2; LE-R: leucine enkephaline-Arg6; LY303366: lipopeptide antifungal echinocandin B analog; M: methanol;
MA-DVB: methacrylate-divinylbenzene copolymer; ME-RF: methionine enkephalin-Arg6-Phe7

; ME-RGL: methionine enkephalin-Arg-Gly-Leu; NA: ammonium acetate; NH:
ammonium hydroxide; OAs: other analytes simultaneously quantified; OH: Diol-SPE sorbent; P: phosphate; PH: phenyl-SPE sorbent; PVP-DVB: polyvinylpyrrolidone- divinyl-
benzene copolymer; RIA: radioimmunoassay; SCX: strong cation exchange sorbent; T: trifluoroacetic acid; TZT-1027: dolastatin-10 derivative; UV: ultraviolet detection; W:
water; ×: not reported; 96w: In 96 wells format.

a MS(/MS) detection is employed, unless otherwise stated.
b Antimicrobial peptides (AMP’s) include peptides with antibiotic, antifungal, antiviral and immunosuppressive activity.
c In combination with PP.
d In combination with LLE.
e In plasma.
f In urine.
g In blood.
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ainly hydrophobic interactions with the vial material [46]. How-
ver, it remains difficult to predict the effect of tube material on
specific peptide. Adsorption of the decapeptide cetrorelix was

ound to be less to plastic than to glass vials [47], whereas for other
eptides loss was described to be minimized by using glassware

48] or not to be influenced by tube materials [49,50].

Temperature might also be expected to influence peptide
dsorption, but its effect has never been described. Only the obser-
ation of no difference in adsorption to glass between 4 and 37 ◦C
or the peptide calcitonin has been reported [51].
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P procedures for extraction of peptides, including (potential) therapeutics, biomarkers a

nalyte MW Sample matrix Precipitation
(volume rela

pioid peptides
DAMGO 513 Plasma A (2)
DADLE 569 Plasma A (1.8)
DALDA 611 Plasma A (1.3–5)
Dansyl-PQR-NH2 631 Bh/plasma A (4)
[Dmta]DALDA 639 Plasma A (2)
DE-�-endorphin 1304 Plasma TCA (0.3)
LVV-hemorphin-7 1310 Plasma M, HCl * (6.7

ormone analogs and antagonists
ACE-inhibiting peptides 276-625 Plasma 10% T (0.02)
IRI-514 671 Plasma A (2)
Melanotan-II 1024 Plasma W, HClO4 (0
Melanotan-II 1024 Bh/plasma A (4)
RC-3095 1106 Plasma A* (2)
[M1]-PTH(1–14) NH2 1721 Plasma 4% TCA (1)
Endothelin peptide-1 2494 HUVEC A (1.6)
Endothelin peptide-2 2549 Supernatant
Endothelin peptide-3 2645
Leu13-motilin 2681 Plasma A* (×)
Motilin 2699 Plasma A (×)
Hepcidin-25 2789 Serum 4% TCA (1)
Hepcidin-25 2789 Plasma/serum A (1)
Desacyl-ghrelin 3245 Plasma/serum/cs A-W, SSA (0
Ghrelin 3371
Salcatonin 3430 Plasma A (1)
Salcatonin 3430 Serum A (2)
Glucagon 3483 Plasma A (2)
Urodilatin [95–126] 3506 Urine E* (2)

ntimicrobial peptidesb

Actinomycin-D 1255 Plasma A (6)
NR58-3.14.3 1358 Serum A* (4)
Vancomycin 1449 Plasma M (1)
Vancomycin 1449 Plasma M-W, T (3)
Human HEM-� 1935 Plasma A* (2)
Enfuvirtide 4492 Plasma A, T, NNGP (
Enfuvirtide 4492 Plasma A (9)
Enfuvirtide 4492 Plasma A, T (9)

arine derived anticancer peptides
Aplidine 1110 Plasma/urine A, FA (4)
Aplidine 1110 Plasma/blood/urine A, FA (4)
Thiocoraline 1156 Plasma A (2)
Thiocoraline 1156 Plasma A (0.75)

he peptides have been classified according to their origin. A: acetonitrile; Bh: brain homo
he-Lys-NH2; DAMGO: Tyr-d-Ala-Gly-N-methyl-Phe-Gly-ol; Dansyl-PQR-NH2: Neuropep
lectrochemical detection; Flu: fluorescence detection; FA: formic acid; HCl: hydrochloric a
c-Arg-Pro-Asp-Pro-Phe-NH2; M: methanol; [M1]-PTH(1–14)NH2: parathyroid hormone a
As: other analytes simultaneously quantified; RC-3095: bombesin/gastrin releasing pep
cid; TCA: trichloroacetic acid; UV: ultraviolet detection; W: water; ×: not reported; *: ice

a MS(/MS) detection is employed, unless otherwise stated.
b Antimicrobial peptides (AMP’s) include peptides with antibiotic, antifungal, antiviral
c In combination with SPE.
d In combination with LLE.
e In combination with on-line pre-treatment.
f In plasma.
g In urine.
h In whole blood.
i In brain homogenate.
atogr. B 872 (2008) 1–22

The adsorption problem will be more severe at low peptide
oncentrations, especially in aqueous solutions. These (aqueous)
olutions with very low peptide concentrations should therefore
e avoided, if possible, or treated carefully. The composition of
he peptide solution can be optimized to reduce peptide adsorp-

ion to container surfaces by addition of displacement agents that
ompete with the analyte for surface binding sites, e.g. structural
nalogs [52] or protein-rich solutions, like plasma or serum albu-
in [35,49,50,53–58]. Addition of organic solvents [34,46–48,59],

cids [34,47] or salts [23,41,60] has also been mentioned to reduce

nd other peptides, from biological matrices

solvent
tive to sample)

Recovery (%) Remarksa Reference

× No LC [101]
76 ± 4c [68]
71–76c Indirect MS [69]
×c [70]
× [71,72]
505 + Flu [38]

) × Indirect MS [102]

× + Heating [50]
>70c [79]

.3) × + UV [27]
>90f; ∼60i [103]
73–90 [104]
77 [105]
75–90e [56]

95 [60]
× [54]
34 [105]
59c 96w [81]

.5) 101 ± 1e [106]
96 ± 12e

× [107]
× [108]
68 ± 4 [49]
90–104 + RIA [16]

76–96 OAs [109]
× [110]
91 ± 8 + ED [42]
× [111]
84 ± 3 [112]

9) 50–75 + Flu [33]
116–124 + Metabolite [113]
102–107 + Flu [31]

69d,f, 91d,g [114]
54–70d,f ,h 46-604,7 [115]
101 + Flu [36]
67–80c [65]

genate; cs: cell supernatant; DADLE: D-Ala2,D-Leu5 enkephalin; DALDA: Tyr-d-Arg-
tide-FF antagonist; DE-�-endorphin: Desenkephalin-�-endorphin; E: ethanol; ED:
cid; HClO4: perchloric acid; HUVEC: human umbilical vein endothelial cells; IRI-514:
nalog; NNGP: n-nonyl-�-d-glucopyranoside; NR58-3.14.3: panchemokine inhibtor;
tide antagonist; RIA: radioimmunoassay; SSA: sulfosalicylic acid; T: trifluoroacetic
cold; 96w: in 96-wells format.

and immunosuppressive activity.
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dsorptive losses, mainly by improving the peptide’s solubility. The
se of surfactants to reduce adsorptive losses has been frequently
eported [25,33,47,61], but these compounds are not compatible
ith MS measurements and have not been used in quantitative

C–MS assays [46].
Furthermore, adsorption of the peptide in the LC-system can

ause analytical problems and is frequently observed by showing a
arry-over effect. To reduce this carry-over effect, extensive rinsing
f the injection system has been reported several times [62–67],
s well as column-switching that enables extensive washing of the
utosampler and the extraction column during the analysis [62].

The adsorption phenomenon of peptides is obviously a serious
ssue that can drastically affect the peptide’s analysis. However, it
eems hard to predict the effect of adsorption of a specific peptide
n the analytical procedure. Therefore, careful evaluation of the
dsorption characteristics and potential complications of a specific
eptide is recommended for any peptide.

.2. Sample pre-treatment techniques

Although sensitive and specific mass spectrometric detection
imits the demands for sample pre-treatment, it still remains a
hallenging part of LC–MS method development, since matrix
omponents can cause severe ion suppression of the analyte
r contamination of the system. Commonly used techniques for
he extraction of peptides from biological matrices are solid-
hase extraction (SPE), protein precipitation (PP) and liquid–liquid
xtraction (LLE).

SPE is a chromatographic procedure based on the interaction of
he analyte with the sorbent of the SPE cartridges. Solid-phase sor-
ents with non-polar, polar, ion-exchange and mixed properties are
vailable and the possibility to select optimal SPE sorbent and sol-
ents makes SPE a very selective, sensitive and versatile technique.
he correct choice of SPE material depends mainly on peptide polar-
ty and charge. Table 1 summarizes several SPE methods for the
xtraction of peptides from biological matrices. C18-modified sil-

ca is the most commonly applied SPE sorbent, for both small and
arge peptides. Nevertheless, polymeric columns have been more
requently applied for the more recent SPE procedures. The elu-
ion solvents contain a high percentage of organic solvent, usually
cetonitrile or methanol.

i
c
p

t

able 3
ifferent protein precipitation methods for cyclosporin A, eventually preceding other clea

atrix Sample
amount (�l)

Precipitation reagent Molarity (M) ZnSO4

(volume ratio organic
solvent:ZnSO4)

Volum
sampl

lood 100 A–W (7:3) – 1:2
lood 1000 M–ZnSO4 0.4 (4:1) 1:1
lood 350 A–ZnSO4 0.1 (7:3) 1:3
lood 100 M–ZnSO4 0.2 (7:3) 1:2
lood 300 M–ZnSO4 0.4 (4:1) 1:1
lood × M – 1:9
erum 100 1:4
lood 250 A – 25:35
lood 300 M–ZnSO4 0.2 (4:1) 1:2
lood 100 A – 1:2
lood 100 M–ZnSO4 0.3 (7:3) 1:2
lood 10 A–ZnSO4 0.4 (5:2) 1:14
lood 100 M–ZnSO4 0.2 (4:1) 1:2
lood 50 M–ZnSO4 0.5 (4:1) 1:2
aliva 500 A–W – 1:2
lood 50 A–ZnSO4 0.1 (7:3) 1:3
lood 500 A–ZnSO4 Xx (1:1) 1:3
lood 100 M–ZnSO4 0.00005 (4:1) 1:6
lood 50 M–ZnSO4 0.05 (1:1) 1:20

: acetonitrile; M: methanol; SA-SPE: semi-automated SPE; TFC: turbulent-flow chromat
atogr. B 872 (2008) 1–22 5

PP is a simple sample pre-treatment technique, based on the
ddition of a precipitating solvent, acid or salt. Several different
P methods for peptide analytes are shown in Table 2. A widely
pplied PP procedure consists of the addition of acetonitrile in twice
or more) the volume of the biological sample. If very strong acids
re applied, precipitation solvent volumes smaller than the vol-
me of the biological samples can be used. In the precipitation step
f cyclosporin A, ZnSO4 is frequently added to improve recovery,
lthough it is a main cause of ionization suppression [100]. Table 3
hows several specified PP methods for this immunosuppressive
eptide.

After addition of the precipitation solvent, samples are cen-
rifuged and the supernatant is further processed. It is an easy and
nexpensive procedure and it might be sufficient when selective

S detection is operational. However, the risk for inclusion of the
nalyte by PP is of specific concern for the analysis of peptides.
urthermore, remaining matrix components might lead to contam-
nation of the LC–MS system and can also cause ion suppression. PP
s therefore often performed in combination with another sample
re-treatment procedure (Tables 2 and 3).

LLE is a sample pre-treatment method based on distribution dif-
erences of the analyte between aqueous and organic solvents. Since
he matrix is usually aqueous, LLE is especially suited for apolar
ompounds. However, most peptides exhibit ionic activity and the
sefulness of LLE is therefore limited (Table 4) to peptides that are
ncharged at a specific pH, like peptides with a cyclic structure
r peptides with modified C- and N-termini (Fig. 2). Nevertheless,
n LLE method for the quantification of the decapeptide cetrorelix
n human plasma with fluorescence detection has been reported
34]. This peptide is acetylated at the N-terminus and amidated at
he C-terminus, but still contains charged groups and LLE recov-
ry was low (50.1 ± 4.9%). A higher recovery (60–70%) for the same
eptide has been described by Niwa et al. [55], using SPE before
C–MS analysis. On the other hand, the recovery of substance P, sub-
tance P1–7, Met-enkephalin-Arg6-Phe7 and Leu-enkephalin-Arg6

rom cerebrospinal fluid (CSF), highly increased by the use of LLE

n stead of SPE [75]. Moreover, the recovery of these four peptides
ould be further increased by the addition of HCl to the CSF sample
rior to LLE.

In addition to SPE, PP or LLE, alternative sample pre-treatment
echniques have been reported to recover peptides from biologi-

nup procedures, before LC–MS analysis

e ratio
e:reagent

Further extraction Recovery (%) Other analytes Reference

SPE 72.5 No [86]
On-line SPE 90–96 Yes [116–118]
SPE × Yes [87]
On-line SPE 91 ± 10 Yes [119]
SPE ±90 No [88]
– 89–95 No [120]

On-line SPE × Yes [121]
On-line SPE ±96 Yes [122]
– 102–119 No [123]
– 71 Yes [124]
– 102–119 Yes [125]
On-line SPE 98–103 Yes [126]
TFC 97 Yes [127]
SPE 85 ± 3 No [89]
SPE 81 ± 5 No [90]
SA-SPE 100 ± 6 Yes [128]
– 77–101 Yes [129]
– 84–119 Yes [100]

ography; W: water; ×: not reported.
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Table 4
Different LLE procedures for the extraction of endogenous peptides and peptide therapeutics from biological matrices

Analyte MW Sample matrix Organic solvent Recovery (%) Remarksa Reference

Opioid peptides
LE-R 712 CSF (1) EA-HCl 94 ± 18 + RIA [75]
ME-RF 877 (2) EA-PE 97 ± 17

(3) ACE-PE
(4) EA

Hormones and hormone analogs
CP-80, 794 620 Serum BCl × [52]
Substance P1–7 899 CSF (1) EA, HCl 102 ± 13 + RIA [75]
Substance P 1347 (2) EA-PE 112 ± 17

(3) ACE-PE
(4) EA

Cetrorelix 1430 Plasma EA-B 50 ± 5 + Flu [34]

Antimicrobial peptidesb

Apicidin 624 Serum BME 87–97 [130]
Cyclosporin A 1203 Blood (1) EE 88 [131]

(2) W-A-M-H
Cyclosporin A 1203 Blood MTBE × 96w; OAs [132]

Marine derived (anticancer) peptides
Dolastatin-10 785 Plasma BCl 85–90 [133]
TZT-1027 702 Plasma EA 74–99c [97]
FR901228 540 Plasma EA × [134]
FR901228 540 Plasma EA 60–70 [135]
Aplidine 1110 Plasma/urine Cf ±69d,e; ±91d,f [114]
Aplidine 1110 Blood/plasma/urine Cf 54-70d,e; 46–55d,g [115]
Aplidine 1110 Plasma BME 88–117 [64]

The peptides have been classified according to their origin. A: acetonitrile; ACE: acetone; Am: ammonia; B: 1-butanol; BCl: n-butyl chloride; BME: butyl-t-methylether; Cf:
chloroform; CP-80, 794: renin inhibitor; CSF: cerebrospinal fluid; E: ethanol; EA: ethyl acetate; EE: ethyl ether; Flu: fluorescence detection; FR901228: antitumor depsipeptide;
H: n-heptane; HCl: hydrochloric acid; LE-R: leucine enkephalin-Arg6; M: methanol; ME-RF: methionine enkephalin-Arg6-Phe7; MTBE: methyl-tert-butyl ether; OAs: other
analytes simultaneously quantified; PE: petroleum ether; RIA: radioimmunoassay; TZT-1027: dolastatin-10 derivative; W: water; ×.: not reported; 96w: in 96-wells format.

a MS(/MS) detection is employed, unless otherwise stated.
b Antimicrobial peptides (AMP’s) include peptides with antibiotic, antifungal, antiviral and immunosuppressive activity.
c In combination with SPE.
d In combination with PP.
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e In plasma.
f In blood.
g In urine.

al matrices, including immunoaffinity purification [66,136–141]
nd ultrafiltration [57]. Furthermore, the above-mentioned most
ommonly applied techniques have become more frequently auto-
ated or placed in-line with the LC–MS system as these manual

echniques are relative laborious and time-consuming. On-line
PE allows direct injection of the biological sample as it cou-
les an extraction column with the analytical column, usually by
olumn-switching. This technique has frequently been described
or quantitative assays of the immunosuppressant cyclosporin

[116–119,122,126,142], as well as for several other peptides
56,62,67,106,143–146]. Turbulent flow chromatography (TFC) is an
n-line SPE technique using extraction columns with large particle
izes, allowing high flow rates. The turbulent flow in the extrac-
ion column causes smaller molecules to bind to the absorbent
hile large molecules are not retained and are removed from the

ample matrix. An application of TFC in peptide bioanalysis is
he extraction of cyclosporin A from blood [127]. Eventually, the
utomated procedures can be preceded by off-line protein precipi-
ation [56,116–119,121,122,126,127]. Besides on-line automation to
peed up the time limiting sample pre-treatment, off-line extrac-
ion methods have been (semi-)automated for several applications
n 96-well format [80,81,87,125,132,147].

The various matrices in which the analytes exist can affect

he choice of the applied type of sample pre-treatment. For
xample, the quantification of desmopressin has been reported
n human skin samples [148] and this uncommon matrix
equired alternative sample pre-treatment by extraction with a
ater–ethanol–methanol mixture. Furthermore, quantification of

b
t
r
T
i

eptides from CSF has sometimes been performed without any
urification step [149–151], as CSF is a substantial cleaner matrix.
evertheless, also an LC–MS assay without any purification has
een reported for urine samples [152].

.3. Enzymatic digestion

All above-mentioned sample pre-treatment techniques are
equired to reduce potential interferences of matrix compounds
ith the analyte of interest. Another technique that is sometimes

pplied before the LC–MS measurement of peptides is enzymatic
igestion, performed to yield peptide compounds rather then
leaning-up the matrix. This sample handling step involves cleav-
ge of a large peptide or protein into smaller peptide fragments by a
pecific proteolytic enzyme under specific conditions. The amount
f the proteolytic peptide fragment can be quantified by LC–MS and
erve as a representation of the total amount of the intact peptide
r protein. This procedure specifically offers opportunities for the
uantification of proteins as quantification by mass spectrometry
ill be more sensitive and less complicated for the smaller peptides

ompared to the large protein.
Several applications of enzymatic digestion for the quantifi-

ation of large peptides or proteins in biological matrices have

een reported [96,141,153–161], mostly with the intention to show
he abilities of this technique for absolute protein quantification
ather then to provide a sensitive, validated bioanalytical assay.
herefore, and because of the complicated sample handling steps
nvolved with enzymatic digestion, further sample clean-up of the
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Fig. 2. Examples of chemical structures of pep

iological matrices has not always been performed. Nevertheless,
epletion of the most abundant serum proteins using immuno-
ffinity prior to the digestion procedure has been reported a few
imes [141,158,161]. Enzymatic digestion is mostly preceded by
enaturation, reduction and alkylation of the protein with trypsin
s the preferred proteolytic enzyme for the digestion step.

Cleavage of the intact peptide or protein by enzymatic digestion
esults in the formation of multiple smaller peptide fragments, of
hich only one or a few are selected for the LC–MS quantification.

roper selection of this proteolytic peptide fragment is very impor-
ant as this peptide serves as a representation of the total amount
f intact peptide or protein. The digestion should therefore ideally
e completed to yield reproducible fragments.

Except for the on-line digestion of bovine serum albumin [155],
stable isotopically labeled copy of the selected peptide fragment

SIL-F) is used as internal standard. The ratio of the unlabeled and
abeled proteolytic fragment is then used for further quantification.
owever, it should be realized that this SIL-F will not show similar

haracteristics as the analyte until after the digestion procedure.

. Liquid chromatography
.1. Stationary phases

Reversed phase LC (RP-LC), using hydrophobic stationary phases
nd aqueous mobile phases, is normally used for the chromatog-

p
m
r

u

or which LLE procedures have been reported.

aphy of peptides. Normal phase LC (NP-LC) uses polar stationary
hases with non-aqueous mobile phases, but is normally not used
or quantification and separation of peptides. An alternative can
e the use of polar stationary phases in combination with aque-
us mobile phases, providing better solubility for peptides. This
echnique is referred to as hydrophilic-interaction liquid chro-

atography (HILIC). Several peptide separations using HILIC have
een reviewed by Yoshida [162], but no quantitative HILIC assays
ave been described so far.

For quantitative LC–MS methods for peptides, silica-based C18
tationary phases are mostly used, as listed in Table 5. This type of
P-LC stationary phases consists of a silica support to which the
ydrophobic octadecyl group is attached. This group can be either
onomerically or polymerically bonded by chlorosilanes, but will

ormally not occupy all silanols on the silica support. To avoid
nteractions of basic peptides with these underivatized silanol
roups, resulting in peak tailing, end-capped materials are normally
sed.

Another type of RP-LC stationary phases consists of polymeric
upport. An advantage of polymeric stationary phases, such as
olystyrene-divinylbenzene (PS-DVB), is that they allow a larger

H range than silica-based phases. Nevertheless, the use of poly-
er based stationary phases for peptide quantification has not been

eported so far.
The use of a polymer-coated mixed-function (PCMF) col-

mn for the quantitative analysis of the 27 amino acid peptide
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Table 5
LC conditions of bioanalytical assays for peptides, including (potential) therapeutics, biomarkers and proteolytically derived peptides, coupled with (tandem) mass spectrometric detection

Analyte MW SP Column length × i.d. (mm) Mobile phase
A

Mobile phase
B

Flow rate �l/min Col T (◦C) IS LLOQ (ng/ml) Detection Remarks Reference

Opioid peptides
Leu-enkephalin 555 C18 150 × 0.3 W, FA A–W, FA 6.5 38 Other 0.6 MS2 OSP [146]
Met-enkephaliln 573
DADLE 569 C18 50 × 2.1 W, FA A, FA 200 25 SA 0.5 MS2 OAs [68]
Gluten Exorphin B5 595 C12 150 × 2.0 W, AA A 250 × SA 0.8 MS [150]
Gluten exorphin A5 599 C18 150 × 4.6 W, AA A–M 400 × Other 1.5 MS [151]
Dansyl-PQR-NH2 631 C18 50 × 0.3 W, AA A 10 × SA × MS2 NV [70]
Dansyl-PQR-NH2 631 C18 50 × 3.0 W–A, AA – 250 × SA × MS2 NV [70]
[Dmt]aDALDA 639 C18 100 × 0.075 A–W, FA – 0.5 × SIL × MS2 NV [71]
[Dmt]aDALDA 639 C18 8 × 0.075 A–W, FA – 0.5 × SIL 0.64 MS2 [72]
DPDPE 648 C18 30 × 2.2 M, NF – 400 × SA 1 MS [73]
DSLET 686 C18 50 × 1.0 W, NA W–A 50 × SIL 5 MS2 NV [74]
ME-RGL 900 1

Hormones and hormone analogs
ACE inhibiting peptides 276–652 C18 150 × 2.1 W, T A, T 200 60 SIL 0.01/0.05 MS2 PCA [50]
Taltirelin 405 C18 150 × 2.0 M–W, FA M–W, FA 200 40 SA 0.017 MS2 [76]
Bradykinin [1–5] 572 C18 50 × 2.1 W–A, AA A, AA 78 × SIL × MS2 [78]
CP-80, 794 620 C18 150 × 3.9 M–W – 1000 × SA 0.05 MS [52]
IRI-514 671 × 250 × 2.0 W–M–A, NF – 250b × SIL 2 MS [79]
Angiotensin IV 775 C18 150 × 0.075 W–A, FA A–W, FA 30 × SIL 0.16 MS2 OSP [145]
Melanotan-II 1024 C8 50 × 2.1 W–A, NF, T W–A, NF, T 200 × Other 5 MS2 [80]
Melanotan-II 1024 C4 50 × 4.6 W–A, NA, FA A–W, NA, FA 600 × Other 0.5c MS2 [103]
Bradykinin 1060 C18 150 × 0.5 W–A, FA A–W, FA 250 × SA 0.2 MS OSP [67]
Desmopressin 1068 C18 125 × 2.0 A–W, FA, NA – 200 × Other 40 MS [148]
RC-3095 1106 C8 100 × 4.6 W, T A, T 1000 RT None 20 MS2 [104]
Arg-bradykinin 1216 C18 150 × 0.5 W–A, FA A–W, FA 250 × SA 0.2 MS OSP [67]
Goserelin 1269 C18 150 × 1 A–W, ac A–W, ac × × None 300 MS2 NV [166]
NR58-3.14.3 1358 C18 150 × 3.0 W, FA A 500 35 SA 200 MS [110]
Cetrorelix 1430 C18 150 × 2.1 W–A, T – 200 × SA 1c; 2.1d MS [55]
[M1]-PTH(1–14) NH2 1721 C18 250 × 2.0 W, F A, F 200 × SA 0.2 MS2 [105]
Endothelin peptide-1 2494 C18 100 × 0.075 W–A, AA, T A–M–W,

AA,T
0.55 × SA 0.125 MS2 OSP [56]

Endothelin peptide-2 2549
Endothelin peptide-3 2645
Leu13-motilin 2681 C18 150 × 2.0 W–A, NF – 200 × SA 0.5 MS [60]
Motilin 2699 C18 50 × 2.0 W, T, AA A, T, AA 200 60 None 10 MS [54]
Hepcidin-25 2789 C18 250 × 2.0 W, F A, F 200–300 × SIL 5 MS2 [105]
Hepcidin-25 2789 C18 35 × 2 W–HI, AA M–A–W–HI,

AA
200 30 Other 1 MS2 [81]

B201 2814 C8 50 × 2.0 W, T A, T 200 × Other 1g MS2 [82]
C-peptide 3017 C18 150 × 2.1 W–A–P, FA, T W–A–P, FA, T 170 × SIL × MS2 [57]
C-peptide 3020 C18 50 × 2 W–M–IPA, FA A 150–400 40 SIL 0.16 MS 2D [83,152]
Thymosin-�1 3108 C18 50 × 2 W, NA, FA A, NA, FA 300 × Other 0.5 MS2 [63]
GLP-1 [7–36] 3297 C18 150 × 1 M–W, FA W–M, FA 20–40 RT SA 11,000i MS OAs;MET [139]
Desacyl-ghrelin 3245 C18 100 × 4.6 M–W, NA, AA W–M, NA, FA 800 × SA 0.35 MS2 OSP [106]
Ghrelin 3371 ML 0.07
Human calcitonin 3417 C18 150 × 0.32 W, T A–W, T 3 × SA 10 MS NV [137]
Salcatonin 3430 C18 150 × 2.1 A, T W, T 200 RT None 10 MS [108]
Salcatonin 3430 C18 250 × 0.3 W, T A, T 5 × SIL 10d; 25c MS [107]
Glucagon 3483 C18 50 × 2.0 W, AA, T A, AA, T 200 60 None 25 MS [49]
GIP [1–42] 4983 C18 100 × 1 M–W, FA W–M, FA 20–40 RT SA 5000i MS MET [138]
GIP [1–42] 4983 C18 150 × 1 M–W, FA W–M, FA 20–40 RT SA 5000i MS OAs;MET [139]
Insulin 5808 C18 150 × 2.1 W, T A 300 × SA 1 MS [53]
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IGF-1 7649 C18 50 × 1 W, AA, T A–W, AA, T 100 40 SA 50 MS2 OAs [140]

Antimicrobial peptidesa

Antimicrobial peptidesa

Apicidin 624 C18 150 × 2.0 A, AA – 250 40 Other 0.5 MS2 [130]
Caspofungin 1093 C8 150 × 4.6 W–A, T, NH – 1200b × SA 10e;2.5f MS2 [84]
Caspofungin 1093 CN 30 × 4 W, FA A 400 40 None 200 MS2 OSP [62]
Cyclosporin A 1203 C18 250 × 2 W–M, NA M–A–W, NA 120b 50 SA 5 MS2 [131]
Cyclosporin A 1203 C8 100 × 2.1 M–W, NA – 300b 70 SA 5 MS2 [86]
Cyclosporin A 1203 C18 250 × 2 M–W – 200 35 None 1.5 MS OAs; OSP [117]
Cyclosporin A 1203 C18 250 × 2 M–W – 350 35 None 0.5 MS OAs; OSP [118]
Cyclosporin A 1203 C18 250 × 2 M–W – 200 35 None 2 MS OAs; OSP [116]
Cyclosporin A 1203 C18 125 × 4 A–W, NA – 1000 55 SIL 6.95 MS OAs [87]
Cyclosporin A 1203 C8 50 × 4.6 W, FA, SF M 400 65 SA 7.5 MS OAs; OSP [119]
Cyclosporin A 1203 C18 150 × 2 W–M – 100b 35 SIL 1 MS [88]
Cyclosporin A 1203 C8 75 × 4.6 M–W – 500 × None × MS [120]
Cyclosporin A 1203 C18 50 × 2 A–W, NA – 200 40 SIL 5.23 MS2 OAs [132]
Cyclosporin A 1203 C18 250 × 2 M–W – 250 33 Other 5 MS OAs; OSP [122]
Cyclosporin A 1203 CN 33 × 3.0 W–A, NA, FA – 500 30 Other 1 MS2 [123]
Cyclosporin A 1203 C18 150 × 3.0 M–W, NA – 800 65 SA 5 MS2 OAs [124]
Cyclosporin A 1203 C18 4.0 × 3.0 W–M, FA, NA M 600 55 Other 10 MS2 OAs; OSP [126]
Cyclosporin A 1203 PH 50 × 2.1 M–W, AA, NA – 600 40 SA 4.5 MS2 OAs; OSP [127]
Cyclosporin A 1203 C18 150 × 3.0 M–W, NA – 500 65 SA 1 MS2 [89]
Cyclosporin A 1203 C18 50 × 2.1 M, NA – 400b 70 SIL 10 MS2 [90]
Cyclosporin A 1203 C8 150 × 3.9 A–W, AA – 400–700 60 SA 5 MS [91]
Cyclosporin A 1203 C18 30 × 3.2 A–W – 500 75 SA 25 MS OAs [128]
Cyclosporin A 1203 C8 475 × 4.6 W, AA M 1000 80 SA 1 MS MET [129]
Cyclosporin A 1203 � 20 × 3 M W, NF 800 65 SA 20 MS2 OAs [100]
Cyclosporin A 1203 C18 50 × 2.1 M–W, FA, NF M–W, FA, NF 400 50 Other 5 MS OSP [142]
Actinomycin D 1255 C8 50 × 2 W, AA, NH M 200 × SA 1 MS [109]
Actinomycin D 1255 C8 50 × 2 W, AA, NH M × × SA 0.5 MS2 OAs [92]
Actinomycin D 1255 C18 100 × 2 W, NA, AA M 250 RT SA 0.05 MS2 OAs [93]
Vancomycin 1448 C18 100 × 2.1 W–A, AA – 200 40 None 10 MS2 [111]
Vancomycin 1448 C18 40 × 2 W, FA A, FA 250 65 SA 5 MS2 MP; OSP [143]
Vancomycin 1448 C8 50 × 3 A–W, FA – 200 40 Other 5 MS [94]
Human HEM-� 1935 C18 150 × 1 W, T W–A, T 30 RT None 290 MS2 MP [112]
Enfuvirtide 4492 C18 50 × 2 W–A, T A–M, AA, T 400–1000 × SIL 10 MS2 MET [113]
Enfuvirtide 4492 C18 50 × 2.1 W, FA A, FA 200 0 SIL 20 MS2 MET [95]
Sifuvirtide 4727 × × W, FA A, FA 200 × SA 4.9 MS2 OSP [144]
Tifuvirtide 5037 C18 50 × 2.1 W, FA A, FA 200 0 SIL 20 MS2 [95]

Marine derived (anticancer) peptides
FR901228 540 C8 50 × 4.6 M–A–W, NA – 550b × Other 0.1g MS2 [134]
FR901228 540 C8 50 × 4.6 A–W, T, NA – 1000b × Other 1 MS2 [135]
TZT-1027 702 C18 250 × 4.6 W–A, T – 1000 RT SIL 0.25g MS [97]
Dolastatin-10 786 C18 50 × 1 W A 75 RT SA 0.005 MS [133]
Aplidine 1110 C18 100 × 3.0 W, FA A, FA 500 RT SA 5c 1.25d MS2 [114]
Aplidine 1110 C18 100 × 3.0 A, FA W, FA 500 RT SA 1 MS2 [115]
Aplidine 1110 C14 50 × 2 A–W, FA, NA – 200 60 SA 0.5 MS2 [64]
Thiocoraline 1156 C18 50 × 2 W–M, FA – 300 4 SA 0.1 MS2 [65]
Kahalalide F 1478 C18 150 × 2.1 A–W, NH – 200b 30 SA 1 MS2 [99]

Protein fragments after in vivo proteolysis
Amyloid � [1–40] 4330 C8 50 × 0.5 W–A, AA, T A–W–Pr, AA,

T
30 × None × MS [136]

Amyloid � [1–42] 4514
Amyloid � [1–40] 4330 C18 150 × 2.1 W, NH A–W, NH 200–300 25 SIL 0.4 MS2 [66]
Amyloid � [1–42] 4514 0.2

Protein fragments after ex vivo proteolysis
Enfuvirtide [30–33] 475 C18 50 × 2.1 W, FA M, FA 200 30 SIL-F 100h MS2 [96]
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Table 5 (Continued )

Analyte MW SP Column
length × i.d. (mm)

Mobile phase
A

Mobile phase
B

Flow rate
�l/min

Col T (◦C) IS LLOQ (ng/ml) Detection Remarks Reference

NTproBNP [18–23] 756 C18 35 × 1 W, FA M–A, FA 180 55 SIL-F 0.1h MS2 OSP [141]
Rhodopsin [140–148] 902 C18 50 × 1.0 W, AA A, AA 150 × SIL-F × MS2 NV [153]
IGFBP-3 [226–233] 945 C18 150 × 2.1 W, AA A 400b 40 SIL-F × MS2 NV [157]
BSA [598–607] 1002 C18 150 × 2.0 W–A, FA A–W, FA 200 × None 280h,i MS NV; OSP [155]
PSA [1–9] 1020 C18 50 × 2.1 W, AA M, AA 250 × SIL-F × MS2 NV [154]
Human CRP [14–23] 1128 C18 100 × 0.075 W, FA A, FA 0.2 × SIL-F × MS2 NV; 2D [158]
GST-A1 [42-52] 1218 C18 50 × 2 W, AA A, AA 400 × SIL-F × MS2 NV [160]
GST-M1 [18–30] 1591
Apo A1 [42–64] 1400 C18 100 × 2.1 W–A, FA A–W, FA 0.3 × SIL-F × MS2 NV [156]
IGF-1 [22–36] 1667 C18 150 × 2.1 W, AA A 400b 40 SIL-F × MS2 NV [157]
Vitellogenin [34–49] 1700 C18 50 × 2 W, AA A, AA 400b × SIL-F × MS2 NV [159]
HmAb [102–122] 2202 C8 150 × 2.1 W, FA A, FA 200 × SIL-F 2000h MS2 [161]

Others
AM336 2756 MF C8 4.6 × 50 W, TBAH, T A, TBAH, T 300–1000 RT None 200 MS2 [149]

The peptides have been classified, according to their origin. A: acetonitrile; AA: acetic acid; ac: acidified; ACE: angiotensin-I-converting enzyme; AM336: potent N-type calcium channel blocker; B201: bradykinin antagonist;
BSA: bovine serum albumin; CN: cyanopropyl; Col T: column temperature; CP-80, 794: renin inhibitor; CRP: C-reactive protein; DADLE: d-Ala2,d-Leu5 enkephalin; Dansyl-PQR-NH2: neuropeptide FF antagonist; [DMT1]-
DALDA: Dmt-d-Arg-Phe-Lys-NH2; DPDPE: d-penicillamine2,5 enkephalin; DSLET: (d-Ser2) Leu-enkephalin-Thr6; FA:formic acid; FR901228: antitumor depsipeptide; GIP: glucose-dependent insulinotropic polypeptide; GLP-1:
glucagon-like peptide 1; GST: glutathione S-transferase; HI: hexafluoroisopropanol; HmAb: human monoclonal antibody; i.d.: internal diameter; IGF-1: insulin-like growth factor-1; IGFBP-3: insulin-like growth factor binding
protein 3; IRI-514: Ac-Arg-Pro-Asp-Pro-Phe-NH2; LLOQ: lower limit of quantification; M: methanol; ME-RGL: methionine enkephalin-Arg-Gly-Leu; MET: metabolite(s) simultaneously quantified; MF: mixed function; ML:
monolithic column; MP: multiplexing, use of two column system; [M1]-PTH(1–14)NH2: parathyroid hormone analog; NA: ammonium acetate; NF: ammonium formate; NH: ammonium hydroxide; NR58-3.14.3: panchemokine
inhibitor; NTproBNP: N-terminal pro-brain natriuretic peptide; NV: no or limited validation results presented; OAs: other (non-peptide) analytes simultaneously quantified; OSP: includes on-line sample pre-treatment; PCA:
post-column additive; PH: phenyl; Pr: n-propanol; PSA: prostate-specific antigen; RC-3095: bombesin/gastrin releasing peptide antagonist; RT: room temperature; SA: structural analog internal standard; SF: sodium formate;
SIL: stable isotopically labeled internal standard; SP: stationary phase; T: trifluoroacetic acid; TBAH: tetrabutylammonium hydroxide; TZT-1027: dolastatin-10 derivative; W: water; ×: not reported; 2D: preceded by a first
dimension purification.

a Antimicrobial peptides (AMP’s) include peptides with antibiotic, antifungal, antiviral and immunosuppressive activity.
b Flow is split before MS detection.
c In plasma.
d In urine.
e Using ionspray.
f Using turbo ionspray.
g In human plasma.
h Amount of the intact peptide/protein.
i In nmol/l.
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M336 has been described by Bu et al. [149]. In this stationary
hase, hydrophilic and hydrophobic groups are bonded simul-
aneously to the coated silica. The outer surface prevents large
io-molecules from accessing the inner layer by size exclusion
nd hydrophilic-interaction, while smaller molecules are sepa-
ated on the hydrophobic sorbent in the inner layer. AM336, with

molecular weight of 2756 Da, was small enough to enter the
nner layer and direct injection of the peptide in CSF was herewith
ossible.

Particle sizes of the used stationary phases are generally
etween 3 and 5 �m. Smaller packing particles can increase col-
mn efficiency and speed of analysis, but will also cause higher
ressures. The pore sizes of the column beds vary between 80
nd 300 Å. The LC particles with large pore sizes (∼300 Å) have
een especially developed for the separation of large molecules,
s these compounds are too large to enter smaller pores. For
eptide separations, the smaller pore sizes have therefore only
een used for the smaller peptides (<2000 Da), whereas the

arger pores have been particularly applied for the larger pep-
ides.

Only recently a quantitative LC–MS/MS assay for the quantifi-
ation of ghrelins, gastrointestinal peptides, has been described
sing a monolithic column [106], whereas all other quantitative
C-assays for peptides so far had used columns with spherical sup-
ort. Monolithic supports can offer advantages for high throughput
nalysis by reducing analysis time without loss in performance.
hese columns consist of one piece of a totally porous support
aterial that has only internal porosity consisting of mesopores

±13 nm) and macropores (±2 �m). The unique properties of this
aterial allow columns to be operated at very high flow rates and

ery low back-pressures. Furthermore, as all the eluent is forced to
ow through the pores of the separation medium, mass transport is
nhanced, improving chromatographic efficiency [163]. Improved
hromatographic resolution of peptides using an octadecylated
onolithic PS-DVB has been demonstrated by analyzing tryptic

rotein digests and standard mixtures of peptides and proteins
164,165].

.2. Column dimensions

Narrow-bore (±2 mm ID) columns are most frequently used,
ith column lengths varying from 50 to 150 mm (Table 5). Minia-

urization of the column inner diameter tends to increase ionization
fficiency of electrospray for MS detection, by providing a low vol-
metric flow rate and sample pre-concentration. Although column
fficiency is not improved and analysis time not reduced, it can
acilitate the coupling of LC to MS, saves solvents and is advan-
ageous for the analysis of small amounts of biological samples
167]. However, only a few applications for the quantification of
eptides using capillary columns (±75 �m ID) have been described
56,71,72,145]. A drawback of capillary LC is the need for complex
nstrumentation.

Human and salmon calcitonins have been quantified using
olumns with an internal diameter of ±0.3 mm [107,137]. These
icrobore columns allow flow rates of 3–5 �l/min, but total analy-

is of one sample takes longer than 10 min.
The performance of ESI-MS with packed capillary LC has been

ompared with normal bore LC for the analysis of a tryptic digest
f myoglobin by Banks [168], showing that the LC-ESI-MS signal
ith a 0.25 mm ID column was 163 times higher than that obtained

sing a 4.6 mm ID column. Nevertheless, for the neuropeptide FF
ntagonist Dansyl-Pro-Gln-Arg-NH2 improvement in the detection
imit was only small when capillary-bore was compared to narrow-
ore LC and the latter has therefore been preferred for its higher
uggedness [70].
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.3. Mobile phases

The choice of the correct mobile phase and mobile phase addi-
ives in RP-LC of peptides is very important to achieve good
hromatographic separation as well as mass spectrometric perfor-
ance. When LC is coupled to MS with electrospray ionization (ESI)

he mobile phase has to be compatible with the ESI source and, fur-
hermore, the additives have to enhance or at least not to suppress
onization of the analyte. A suitable mobile phase for ESI-MS con-
ains an organic modifier (methanol or acetonitrile) and should not
ontain non-volatile buffers or mobile phase additives. The addition
f ion-pairing reagents to the mobile phase improves the chromato-
raphic separation of peptides, by forming ion pairs with charged
roups and thereby increasing the hydrophobicity of the peptides
nd effecting interaction with the stationary phase [169]. However,
he ion-pairing agent most commonly used for peptide separa-
ions, trifluoroacetic acid (TFA), is also known to suppress the ion
ormation in the ESI source [170].

A study of Giorgianni et al. [171] with peptide mixtures of
our angiotensin peptide standards and two tryptic digests from
orse myoglobin and bovine catalase, showed higher sensitivity
nd shorter gradient times with methanol compared to acetoni-
rile in nano-LC-ESI-MS/MS analysis. On the contrary, most LC–MS
pplications for peptides use a water–acetonitrile mobile phase,
ostly acidified with TFA, formic acid or acetic acid.

.4. Other LC conditions

Besides the choice for a stationary and mobile phase that best
eets the specific analytical requirements of the analyte of interest

oncerning good chromatographic and mass spectrometric perfor-
ance, several other LC conditions can be optimized. Depending

n the application of the assay, the best compromise in speed, sim-
licity, sensitivity and accuracy can be accomplished by optimizing
olumn temperature, column dimension, gradient system and flow
ate.

Although it is well known that temperature is a critical param-
ter on the retention mechanism in RP-LC, only little is described
bout the influences of column temperature on the LC–MS per-
ormance of peptides. Several LC–MS assays for peptide drugs use
levated column temperatures (Table 5), but the chosen temper-
ture is barely rationalized. A possible explanation might be the
cceptance that elevated temperatures improve resolution and
ecrease retention time, as a result of a lower mobile phase viscos-

ty and increased mass transfer [172]. Column temperatures for the
C analysis of cyclosporin A vary to a maximum of 80 ◦C. Temper-
tures above 65 ◦C have been reported to reduce peak broadening
f cyclosporin due to incomplete separation of conformers [119].
lso for the anticancer drug aplidine quantitative LC applications
ave described the temperature-dependent equilibrium of two
onformers. This cyclic depsipeptide (MW 1110 Da) has a cis- and
rans-isomer at the pyruvoyl proline residue, which are separated
s two chromatographic peaks at ambient temperature, but can
e merged into one as the column temperature reaches 60 ◦C
37,64,114,115].

Chen et al. [173] studied the effect of temperature on the chro-
atographic properties of four series of peptides with different

eptide conformations and demonstrated reduced retention with
ncreasing temperature for all peptides. However, the extent of this
ffect differed, due to conformation differences of the peptides.
On the contrary, increased retention by elevating temperatures
as also been observed. This “reverse effect” can appear when the
luent pH is close to the pKa of the analytes and changes in col-
mn temperature can have a drastic effect on the ratio of charged
nd uncharged amino acid residues in the molecule [174]. van den
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ig. 3. Increased retention by elevated column temperatures for the HIV1-fusion
nhibitors enfuvirtide, tifuvirtide and a metabolite of enfuvirtide, M-20 [95]. (With
ermission).

roek et al. [95] have reported the decrease in retention time for
he HIV-fusion inhibitors enfuvirtide and tifuvirtide by lowering
olumn temperature to 0 ◦C. Additionally, improvement of the chro-
atographic resolution between enfuvirtide and its metabolite was
bserved by decreasing column temperature (Fig. 3).
Other parameters influencing retention and thus analysis time

re flow and gradient rate. Coupling of LC to MS makes chro-
atographic resolution less critical, because the MS detector can

iscriminate co-eluting compounds with different masses. Short
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olumns and fast gradients are therefore commonly applied. To
ain time it is often advantageous to use higher flow rates than
he recommended flow rates based on the column’s internal diam-
ter. Increasing the flow rate by a factor two not only reduces run
ime as much as using a column with half the length, but also means
ess reduction of plate number than when reducing column length
175]. When using higher flow rates, back-pressure and compatibil-
ty with the MS interface should be concerned as MS interfaces may
ot allow higher flow rates. Post-column splitting of the LC-eluent
an then be applied.

An alternative approach to gain time without increasing the flow
ate is the use of a multiplexing LC-system, enabling analysis on
ne column while the other column is washed and equilibrated. In
eptide analysis, two-column LC-systems have been applied for the
uantification of the glycopeptide vancomycin (MW 1448 Da) [143]
nd the antimicrobial human polypeptide HEM-� 130–136 (MW
935 Da) [112].

Polypeptide chromatography is mostly performed by gradient
lution, which is especially suited for the analysis of complex
ixtures, providing good resolution with short run times. How-

ver, isocratic chromatography has also been performed, mainly
or smaller peptides (<2000 Da). An exception is KW-5139, a vari-
nt of motilin with a MW of 2681 Da, which is eluted isocratically
60].

. Mass spectrometry

.1. Ionization

As MS detection is only possible when the peptides exist as
ons in the gaseous state, coupling of LC to MS necessitates the
olatilization of these large bio-molecules from the LC-eluent. A
arge number of different LC–MS interfaces have been developed to
chieve this goal, of which nowadays atmospheric pressure ioniza-
ion (API) is generally accepted as the optimum interface for on-line
C–MS coupling. Two main API sources are the electrospray ioniza-
ion (ESI) and the atmospheric pressure chemical ionization (APCI)
ource. In ESI, charged droplets are formed by spraying the sample
olution through a high voltage (2–5 kV) capillary in the presence of
strong electric field. The charged droplets move towards the mass
pectrometer inlet, generating analyte ions during evaporation and
roplet fission. In APCI a heated pneumatic nebulizer probe is used
or nebulization and a high voltage-needle is used to produce a
orona discharge for ionization of the evaporated solvent, reacting
ith the analyte.

Quantitative LC–MS analysis of peptides is mostly performed
y ESI, although some methods have been described using APCI
52,87,97,121,129]. The main reason for using APCI was either to
vercome complications like matrix effects and ionization sup-
ression [121], or better sensitivity for a simultaneously quantified
ompound [87]. Adduct formation in ESI has also been a reason
o select APCI as the ionization source [129]. ESI and APCI per-
ormances have been compared for some other peptides as well,
esulting in selection of ESI as it was easier in use [134] or showed
ignificantly lower limits of detection [70].

Another API technique is atmospheric pressure photoionization
APPI). With APPI the analyte is ionized by photons emitted from a
acuum-ultraviolet lamp. APPI has been compared with APCI and
SI for the determination of cyclosporin A in plasma and resulted
n equivalent analytical performances [176].
Besides the very mild ionization by electrospray, which easily
onizes polar, non-volatile, high molecular mass and thermo labile
ompounds it enables the formation of multiply charged ions of
he type [M + nH]n+. As the MS system separates ions according to
heir mass-over-charge ratio (m/z), detection of compounds with
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Fig. 4. Example of a typical ESI-MS spectrum, showing the multiply charged ions
[M + 2H]2+ (m/z 1255.5), [M + 3H]3+ (m/z 837.3) and [M + 4H]4+ (m/z 628.2) of a pep-
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described, as sensitivity was reduced by the highly aqueous mobile
ide fragment [256–278] of human apolipoprotein A-IV (MW 2509 Da). Furthermore,
he sodium- and potassium ion adducts [M + 3H + Na]4+ (m/z 633.6), [M + 3H + K]4+

m/z 637.6), [M + 2H + Na]3+ (m/z 844.6) and [M + 2H + K]3+ (m/z 849.8) can be seen.

igh molecular masses in lower m/z ranges is thereby possible.
his makes ESI a very suitable technique for ionization of large bio-
olecules like peptides. Series of ions can be observed, such as the
olecular ion with different charge states and different types of

dduct ions of which sodium-, potassium- and ammonium-adducts
re regularly formed (Fig. 4). For quantitative assays the most abun-
ant ion is normally chosen for MS measurements. This is mostly
he molecular ion but can also be an adduct ion. Cyclosporin A,
or example, is reported to be measured as [M + Na]+ or [M + NH4]+

nd the decapeptide cetrorelix as the trifluoroacetic acid adduct
Table 6). Alternatively, Zhou et al. [120] could accurately quantify
he amount of cyclosporin A by measuring the sum of H+-, Na+- and
+-adducts.

API can be performed in either the positive or negative ioniza-
ion mode, measuring either positively or negatively charged ions.
roteins or peptides can contain multiple basic amino acid residues
hat are readily protonated and are therefore often analyzed in
he positive ion mode. Nevertheless, a few LC-API-MS applica-
ions for peptides in the negative ion mode have been described
52,55,57,66].

Another ion source, commonly used for mass spectromet-
ic analysis of peptides in proteomic studies, is matrix-assisted
aser desorption ionization (MALDI). In MALDI, samples are co-
rystallized onto a sample plate with a small organic matrix
ompound that can absorb at the wavelength of the laser. However,
he loading and crystallization of the sample in the target prohibits
n-line application of MALDI with LC separation.

.2. Factors influencing ionization

Different factors might influence peptide’s ionization efficiency
nd thus the sensitivity and accuracy and precision of the assay. The
ntensity of the most abundant ion in the mass spectrum mostly
epends on the ionizability of the peptide and can be affected by
ormation of different ion types, i.e. many adducts or many dif-
erent charge states. Sometimes little alterations in, for example,
apillary voltage [49], orifice potential [86] or mobile phase com-
osition can favor the formation of a specific ion type. For example,
he addition of ammonium acetate has been reported to elimi-

ate the sodium adduct of the cyclic tetrapeptide apicidin [130],
hereas addition of ammonium or sodium is described to enhance

ormation of the ammonium or sodium adduct of cyclosporin A,
espectively [119,121]. Changes in pH of the eluent can also favor the
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ormation of a specific ion, as with lower pH values higher charged
pecies are usually more pronounced [60,63].

As smaller peptides contain less amino acid residues and are less
sensitive” to multiple charging, the ionization efficiency might be
xpected to be higher for smaller peptides. However, MS detec-
ion of five different chymotryptic fragments of the polypeptide
nfuvirtide (4492 Da) after enzymatic cleavage did not result in
etter ionization properties of the smaller peptide fragments com-
ared to the intact peptide [96]. Despite the measurement of
maller and lower charged ions, the ionization properties appeared
erely to depend on the specific characteristics of the peptide

ragments. On the other hand, the formation of several differ-
nt peptides from one peptide by this approach increases the
hance of formation of a very easily ionized compound with better
ensitivity.

While peptide’s size could not directly be related to ESI response,
he surface activity of the analyte can. Analytes with high affin-
ty for the surface of ESI droplets are generally accepted to have
igher ESI response [179]. Cech et al. compared the ESI response
f six tripeptides with different C-terminal residues and observed
ncreased ESI response for peptides with more non-polar side
hains [180]. According to the equilibrium partitioning model, more
ydrophobic peptides are more easily located at the surface of
he ESI droplet, whereas more polar peptides remain in the inte-
ior of the droplet. The hydrophobic peptides are therefore able to
arry a greater fraction of the excess charge, resulting in higher ESI
esponse.

The composition of the mobile phase is also an important aspect
n the analyte’s ESI response. Solvent pH affects the protona-
ion or deprotonation of the analyte. Acidic solvents are therefore
deally used for the analysis in the positive ion mode of com-
ounds with basic functional groups. However, protonated ions can
lso be observed when ESI-MS analysis is performed with basic
olvents and deprotonated ions can be observed in the ESI-MS
nalysis of acidic solutions. A possible explanation can be gas-
hase-ion–molecule reactions or collision-induced dissociation of
ase- or acid-adduct ions in basic or acidic solutions, respectively
181]. An example of this “wrong-way-round ionization’ is the
uantification of the marine derived anticancer drug kahalalide F,
cyclic tridecapeptide with a molecular mass of 1478 Da, in the

ositive ion mode in alkaline mobile phase [99]. In addition, the
ecapeptide cetrorelix (MW 1430 Da) is quantified using negative

onization and an acidified solution. In this case, the peptide formed
negative [M + TFA − H]− ion with the anions present in the acidi-
ed solution [55].

Furthermore, other mobile phase components might influence
SI response. Salts and non-volatile organic compounds can lead
o decreased signal intensities and signal-to-noise ratios as well as
ontamination of the ion source. Also TFA, the ion-pairing agent
ost widely used for the separation of peptides, unfortunately

eads to signal suppression and low sensitivity when ESI-MS detec-
ion is employed [170]. Post-column addition of propionic acid and
-propanol (70:30 v/v) for peptide quantification has been reported
y van Platerink et al. to overcome the suppressive effect of TFA
50]. Different mobile phase additives and their effect on LC-ESI-

S sensitivity of peptides have been reviewed by García [169], but
solid alternative for TFA could not be proposed. ESI response can
lso be affected by the percentage of aqueous or organic modi-
er in the mobile phase. For the quantification of the pentapeptide
rug IRI-514, the post-column addition of organic modifier has been
hase [79]. Also co-eluting matrix components can be a reason
f suppression of the ionization of the analyte in the ionization
ource, showing the importance of good sample preparation and
hromatographic separation prior to MS detection.



14
I.van

den
Broek

et
al./J.Chrom

atogr.B
872

(2008)
1–22

Table 6
MS conditions of bioanalytical assays for peptides, including (potential) therapeutics, biomarkers and proteolytically derived peptides, after LC separation

Analyte MW Matrix Sample pre-treatment Ioni-zation Mass analyzer Scan mode Selected (parent) ion(s) Selected product ion(s)a Remarks Reference

Opioid peptides
Leu-enkephalin 555 CSF OSP ESI Q3 MRM [M + H]+ m/z 278; m/z 397 [146]
Met-enkephalin 573
DADLE 569 Plasma PP + SPE ESI+ Q3 MRM [M + H]+ a1

* [68]
Gluten Exorphin B5 595 CSF None ESI+ Q1 SIM [M + H]+ – [150]
Gluten Exorphin A5 599 CSF None ESI+ Q1 SIM [M + H]+ – [151]
Dansyl-PQR 631 Brain tissue PP + SPE ESI+ Q-IT FS-P [M + H]+ c1 + b2 + b3 [70]

Plasma PP
[Dmt]aDALDA 639 Plasma PP + SPE ESI+ Q-TOF MRM [M + 2H]2+ z3 [71]
[Dmt]aDALDA 639 Plasma PP + SPE nESI+ IT MRM [M + 2H]2+ [M + 2H-NH3]2+ [72]
DPDPE 648 CSF SPE ESI+ Q1 SIM [M + H]+ – [73]
DSLET 686 Plasma SPE ESI+ Q3 MRM [M + H]+ a5 [74]
ME-RGL 900 Plasma SPE ESI+ Q3 MRM [M + 2H]2+ a1 [74]

Hormones and hormone analogs
ACE inhibiting peptides 276–652 Plasma AH ESI+ Q3 MRM [M + H]+ Variousb [50]
Taltirelin 405 Plasma SPE ESI+ Q3 MRM [M + H]+ m/z 264 TISP [76]
Bradykinin [1–5] 572 Plasma SPE ESI+ Q3 MRM [M + 2H]2+ b4 [78]
CP-80, 794 620 Serum LLE APCI− Q3 SIM [M − H]− – [52]
IRI-514 671 Plasma PP + SPE ESI+ Q1 SIM [M + H]+ – [79]
Angiotensin IV 775 Brain dialysate OSP nESI+ Q3 MRM [M + H]+ m/z 513 [145]
Melanotan-II 1024 Plasma SPE ESI+ Q3 MRM [M + 2H]2+ m/z 436 TISP [80]
Melanotan-II 1024 Brain tissue PP + F ESI+ Q3-LIT MRM ]M + 2H]2+ m/z 128 TISP [103]

Plasma PP m/z 110
Bradykinin 1060 Muscle tissue D + OSP ESI+ TOF SIM [M + 2H]2+ – [67]
Desmopressin 1068 Skin samples Ext ESI+ IT SIM [M + H]+ – [148]
RC-3095 1106 Plasma PP ESI+ Q3 MRM [M + 2H]2+ m/z 144 [104]
Arg-bradykinin 1216 Muscle tissue D + OSP ESI+ TOF SIM [M + H]3+ – [67]
Goserelin 1269 Plasma PP ESI+ Q-TOF MRM [M + 2H]2+ m/z 608 [166]
NR58-3.14.3 1358 Serum PP ESI+ IT SIM [M + H]+; [M + 2H]2+;

[M + 3H]3+
– [110]

Cetrorelix 1430 Plasma/urine SPE ESI− Q1 SIM [M + CF3COOH-H]− – [55]
[M1]-PTH(1–14)NH2 1721 Plasma PP ESI+ Q3 MRM [M + H]3+ m/z 58 TISP [105]
Endothelin peptide-1 2294 HUVEC supernatant PP + OSP �ESI+ IT MRM [M + H]3+ b20

2+ [56]
Endothelin peptide-2 2549
Endothelin peptide-3 2645
Leu13-motilin 2681 Plasma PP ESI+ Q3 SIM [M + 3H]3+ – [60]
Motilin 2699 Plasma PP ESI+ Q3 SIM [M + 4H]4+ – [54]
Hepcidin-25 2789 Serum PP ESI+ Q3 MRM [M + 5H]5+ m/z 120 i(Phe) TISP [105]
Hepcidin-25 2789 Serum/plasma PP + SPE ESI+ Q3 × × × ISP [81]
B201 2814 Plasma SPE ESI+ IT MRM [M + 3H]3+ m/z 816 [82]
C-peptide 3017 Urine UF ESI− Q3 MRM [M-2H]2− m/z 1320 [57]
C-peptide 3020 Plasma SPE + OSP ESI+ Q3 SIM [M + 3H]3+ – TISP [83]
C-peptide 3020 Urine Dilution ESI+ Q3 MRM [M + 3H]3+ m/z 147 TISP [152]
Thymosin-�1 3108 Serum SPE ESI+ Q3 MRM [M + 3H]3+ m/z 316 TISP [63]
GLP-1 [7–36] 3297 Plasma IAP ESI+ Q1 SIM [M + 3H]3+; [M + 4H]4+ – ISP [139]
Desacyl-ghrelin 3245 Plasma/serum/cs PP + OSP ESI+ Q3 MRM [M + 4H]4+ b20

2+; y23
3+; y24

3+ TISP [106]
Ghrelin 3371 b20

2+; y23
3+; y24

3+;
y25

3+

Human calcitonin 3417 Plasma IAP ESI+ Q3 SIM [M + 3H]3+ – [137]
Salcatonin 3430 Plasma PP ESI+ IT SIM [M + 3H]3+ – [108]
Salcatonin 3430 Serum PP ESI+ TOF SIM [M + 3H]3+ – [107]
Glucagon 3483 Plasma PP ESI+ Q3 SIM [M + 4H]4+ – [49]
GIP [1–42] 4983 Plasma IAP ESI+ Q1 SIM [M + 5H]5+ – ISP [138,139]
Insulin 5808 Blood SPE ESI+ Q-IT SIM [M + 3H]3+; [M + 4H]4+ – [53]
IGF-1 7649 Plasma IAP ESI+ Q3-LIT MRM [M + 6H]6+ m/z 70 i(Pro) QDA [140]
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Antimicrobial peptidesc

Apicidin 624 Serum LLE ESI+ Q3 MRM [M + H]+ m/z 84 TISP [130]
Caspofungin 1093 Plasma/urine SPE ESI+ Q3 MRM [M + H]+ m/z 1034 ISP; TISP [84]
Caspofungin 1093 Serum OSP ESI+ IT MRM [M + 2H]2+ [M–H2O] 2+ [62]
Cyclosporin A 1203 Blood LLE ESI+ Q3 MRM [M + NH4]+ [M + H]+ ISP [131]
Cyclosporin A 1203 Blood PP + SPE ESI+ Q3 MRM [M + H]+ m/z 425 ISP [86]
Cyclosporin A 1203 Blood PP + OSP ESI+ Q1 SIM [M + Na]+ – [116–119,122]
Cyclosporin A 1203 Blood PP + SPE APCI+ Q3 SIM [M + H]+ – [87]
Cyclosporin A 1203 Blood PP + SPE ESI+ MnS FS [M + Na]+ – [88]
Cyclosporin A 1203 Blood/serum PP ESI+ Q1 SIM [M + H]+; [M + K]+;

[M + Na]+
– [120]

Cyclosporin A 1203 Blood PP + OSP APCI+ Q3 MRM [M + NH4]+ [M + H]+ No LC [121]
Cyclosporin A 1203 Blood LLE ESI+ Q3 MRM [M + NH4]+ [M + H-(CH3OH + H2O)]+ [132]
Cyclosporin A 1203 Blood PP ESI+ Q3 MRM [M + NH4]+ [M + H]+ [100,123,125]
Cyclosporin A 1203 Blood PP ESI+ Q3 MRM [M + H]+ m/z 425 TISP [124]
Cyclosporin A 1203 Blood PP + OSP ESI+ Q3 MRM [M + NH4]+ [M + H]+ TISP [126,127]
Cyclosporin A 1203 Saliva PP + SPE ESI+ Q3 MRM [M + NH4]+ [M + H]+ TISP [89]
Cyclosporin A 1203 Blood PP + SPE ESI+ Q3 MRM [M + NH4]+ [M + H]+ [90]
Cyclosporin A 1203 Plasma SPE ESI+ Q1 SIM [M + 2H]2+ – [91]
Cyclosporin A 1203 Blood PP + SPE ESI+ Q1 SIM [M + Na]+ – [128]
Cyclosporin A 1203 Blood PP APCI+ Q3 SIM [M + H]+ – [129]
Cyclosporin A 1203 PBMCs Ext + OSP ESI+ Q1 SIM [M + Na]+ – [142]
Actinomycin D 1255 Plasma PP ESI+ Q3 SIM [M + H]+ – TISP [109]
Actinomycin D 1255 Plasma SPE ESI+ Q3 MRM [M + H]+ m/z 857/m/z 858 (TISP) [92,93]
Vancomycin 1448 Plasma PP ESI+ Q3 MRM [M + 2H]2+ m/z 144 TISP [111]
Vancomycin 1448 Serum/urine OSP ESI+ Q3 MRM [M + 2H]2+ m/z 144 TISP [143]
Vancomycin 1448 Serum SPE ESI+ LIT-FT FS [M + 2H]2+ – [94]
Human HEM-� 1935 Plasma PP ESI+ IT MRM [M + 2H]2+ y5; b15

2+; b16
2+;

(b16 + H2O); y8; b8;
[M-H2O + 2H]2+; y9; y12;
b12

[112]

Enfuvirtide 4492 Plasma PP ESI+ Q3 MRM [M + 4H]4+ b33
3+ [113]

Enfuvirtide 4492 Plasma SPE ESI+ Q3 MRM [M + 4H]4+ b33
3+ [95]

Sifuvirtide 4727 Plasma OSP ESI+ IT MRM [M + 5H]4+ b33
5+ [144]

Tifuvirtide 5037 Plasma SPE ESI+ Q3 MRM [M + 5H]5+ b38
4+ [95]

Marine derived (anti cancer) peptides
FR901228 540 Plasma LLE ESI+ Q3 MRM [M + H]+ m/z 272 [134,135]
TZT-1027 702 Plasma SPE + LLE APCI+ Q1 SIM [M + H]+ – [97]
Dolastatin-10 786 Plasma LLE ESI+ × SIM [M + H]+ – [133]
Aplidine 1110 Plasma/urine/blood PP + LLE ESI+ Q3 MRM [M + H]+ m/z 295 TISP [114,115]
Aplidine 1110 Plasma LLE ESI+ Q3 MRM [M + H]+ m/z 295 TISP [64]
Thiocoraline 1156 Plasma PP + SPE ESI+ Q3 MRM [M + H]+ m/z 215 TISP [65]
Kahalalide F 1478 Plasma SPE ESI+ Q3 MRM [M + 2H]2+ b1 [99]

Protein fragments after in vivo proteolysis
Amyloid � [1–40] 4330 Cell lysates IAP ESI+ MnS SIM [M + 4H]4+ – [136]
Amyloid � [1–42] 4514
Amyloid � [1–40] 4330 CSF IAP ESI− IT MRM [M-4H]4− [M-3H2O-4H]4− [66]
Amyloid � [1–42] 4514

Protein fragments after ex vivo proteolysis
Enfuvirtide [30–33] 475 Plasma SPEd ESI+ Q3 MRM [M + H]+ y1; z1 [96]
NTproBNP [18-23] 756 Serum IAPd ESI+ Q3 MRM [M + 2H]2+ y4 [141]
Rhodopsin [140–148] 902 ROS membrane Noned ESI+ Q3 MRM [M + H]+ b7 [153]
IGFBP-3 [226–233] 945 Serum Noned ESI+ Q3 MRM [M + 2H]2+ y4; y6 [157]
BSA [598–607] 1002 Plasma/urine OSPd ESI+ IT FS [M + H]+ – [155]
PSA [1–9] 1020 Serum Noned ESI+ Q3 MRM [M + 2H]2+ y7 [154]
Human CRP [14–23] 1128 Serum IAPd nESI+ Q3 MRM [M + H]+ y3; y4; y5; y6; y8 [158]
GST-A1 [42–52] 1218 Liver cytosol Noned ESI+ Q3 MRM [M + 2H]2+ y9 TISP [160]
GST-M1 [18–30] 1591 [M + 2H]2+ y10
Apo A1 [42–64] 1400 Serum PPd nESI+ Q3-LIT MRM [M + 2H]2+ y4 ISP [156]
IGF-1 [22–36] 1667 Serum Noned ESI+ Q3 MRM [M + 3H]3+ y12

2+; y13
2+ [157]
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A way to improve ESI response can be derivatization, either
y making the analyte more easily charged or by increasing its
urface activity. Mirzaei and Regnier [182] describe the enhanced
onization efficiency of many peptides, by introducing a label that
ontains both a charged quaternary amino group as well as a
ydrophobic octyl group.

To fulfill the increasing expectations of the ESI response, novel
dvances in ESI techniques have been introduced. Electrospray
ources that allow low flow rates, e.g. micro-ESI and nanospray,
ave been developed to improve ESI response. Miniaturization of
he ESI interface should result in a larger fraction of ions enter-
ng the mass detector and thus in increased sensitivity [183]. Also
ifferent types of ESI sources are available, all claiming more effi-
ient ion transfer into the mass spectrometer. Examples applied
n the bioanalysis of peptides are the z-spray, an orthogonal spray
rom Micromass [49,54,67,71,125,146], pneumatically assisted elec-
rospray (ionspray; ISP) and pneumatically and thermally assisted
lectrospray (turboionspray; TISP).

.3. Mass analysis

The three most common mass analyzers are quadrupole, time-
f-flight (TOF) and ion trap. Mass analyzers separate ions by their
ass-over-charge ratio (m/z). In quadrupole mass spectrometers

pecific radio frequency (RF) and direct current (DC) voltages are
e applied on four parallel rods, allowing only ions with a specific
/z values to move between the rods and to reach the detector.

OF analyzers accelerate the ions by a short voltage gradient and
easure the flight time of the ions which is proportional to the

quare root of the m/z. Ion-trap mass spectrometers trap the ions
n an electric field, where specific ions can be activated and ejected
y manipulation of this electric field.

Tandem mass spectrometers are made of two successive mass
nalyzers with a collision cell in between that can select specific
ons, induce their fragmentation in the collision cell, and measure
he m/z of the fragment ions. The most common tandem mass spec-
rometer is the triple quadrupole, where the second quadrupole is
he collision cell and the first and third quadrupole are the actual

ass analyzers. Quadrupoles are very suitable for quantitative
easurements, because of their relative high ion transmission effi-

iency, large dynamic range and high sensitivity when used in the
tatic mode, i.e. no full scan mode. Ion traps can also perform multi-
le MS (MSn) as the trapped ions can be fragmented inside the trap.
lthough ion traps are small and relatively cheap with high sensi-

ivity, due to the ion concentrating capability, and able to provide
ull-scan MS/MS spectra they are not often used for quantitative
ssays. A disadvantage of an ion trap can be the limited number of
ons that can be trapped, reducing linearity [72]. Controversially,
hipkova et al. [184] have proposed the ion trap to be advanta-
eous compared to triple quadrupole instruments, especially for
he quantification of large peptides. Due to differences in fragmen-
ation processes, the large peptides generated fewer fragments with
igher relative abundance on the ion trap, resulting in lower limits
f detection. Several applications of ion traps for the quantification
f peptides have been described, performing either MS or MS/MS
Table 6). Also combinations of quadrupoles and ion traps, such
s the hybrid triple quadrupole/linear ion trap mass spectrometer
n the most recently described applications [103,140,156,161], have
een reported. This instrument combines the benefits of both mass
nalyzers, i.e. the triple quadrupole’s highly selective tandem MS

cans and the ion trap’s high sensitivity product scans, within the
ame platform.

TOF analyzers are ideal for measurement of high molecular
asses and offer high resolution and thereby high selectivity

nd accuracy. However, TOF analyzers generally provide lower
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ensitivity and only few peptide applications of TOF analyz-
rs or combinations with TOF analyzers have been described
67,71,107,166]. Wan et al. describe the use of an ion-trap mass
pectrometer for the quantification of [Dmt1]DALDA, which makes
he assay more sensitive compared to an earlier Q-TOF assay
71,72].

A less commonly used type of mass analyzer is Fourier trans-
orm mass spectrometry. The application of a hybrid linear ion
rap-Fourier transform mass spectrometer has been reported for
he quantification of vancomycin [94].

An important parameter in mass analysis is the mass resolu-
ion of the mass spectrometer. The resolution defines the ability of
he mass spectrometer to distinguish different masses and is com-

only described as the width of a mass peak, half way up the height
f the peak (FWHM). Base line separation of two peaks with 1 amu
ass difference is approximately achieved at 0.7 FWHM or unit res-

lution. Measuring multiply charged ions, a lower FWHM value will
e required when distinction between the different isotope peaks is
esired. However, the applied resolution for the quantitative assay

s not often mentioned. Unit resolution on triple quadrupoles has
een reported for singly [52,64,68,115,130] as well as doubly [80]
r multiply charged peptides [105]. For quantification of higher
harged peptides on triple quadrupoles, higher FWHM values (and
hus lower resolution) have been mentioned [54,95,149] in order
o combine different isotopes in one signal. Sometimes higher res-
lution is essential. For example, the quantification of the LHRH
nalog goserelin, a decapeptide with a molecular mass of 1269 Da,
as complicated by a contamination at almost similar m/z value

s the analyte. As these masses could not be separated on a triple
uadrupole, a Q-TOF analyzer was used [166].

The measurement of ions in MS and MS/MS can occur in dif-
erent scan modes. In the MS full scan (FS) mode a complete

ass spectrum is generated, showing the molecular ion in differ-
nt charge states and the different adduct ions. Collection of all
ass spectral information can be useful when specific information

s required, for example to monitor possible interfering ions. For
uantitative assays both sensitivity and specificity of the method
re usually increased when only one or few specific m/z ions are
elected in the so-called selected ion monitoring (SIM) mode. To
vercome the problem of irreproducible quantification in the SIM
ode due to variable intensities of the differently charged molec-

lar ions, a summation of all charged molecular ions can be used
110,120].

Also in MS/MS a full scan of the fragments of the selected ion
an be recorded, but for very selective and sensitive MS/MS quan-
ification the selection of one or few fragment ions is favored.
his is called multiple reaction monitoring (MRM) and elimi-
ates the interference of co-eluting contaminants more efficiently
han SIM, especially in the case of peptides with high molecular

asses. However, fragmentation of these larger peptides dur-
ng collision-induced dissociation usually requires higher collision
nergies, thereby more commonly producing multiple fragments,
roviding lower sensitivity [185]. Therefore, sometimes SIM is pre-

erred despite the ability to perform MRM [49,129]. For the same
eason, Rogatsky et al. [185] showed higher sensitivity using two-
imensional HPLC with SIM detection than using single column
PLC with MRM detection.

For the quantification of cyclosporin A, both SIM and MRM
nalyses have been developed. Several MRM analyses mea-
ure the [M + NH4]+ ion as the parent ion with the molecular

on as product ion after collision-induced dissociation (CID)
90,100,121,123,125–127,131,132], as no stable abundant fragment
f cyclosporin A could be measured. However, MRM analysis with
he [M + H]+ ion as parent ion has also been reported, measuring an
ndefined product ion with m/z 425.4 [86,124].

a
m
[
b

em) mass spectrometry. Cleavage at the amide bonds generates b- and y-ions,
ontaining the N- or C-terminus, respectively, plus one or more additional amino
cid residues. Ion pairs formed after cleavages at other positions in the backbone
an be a- and x-ions or c-and z-ions.

.4. Collision-induced dissociation (CID) of peptides

During fragmentation of the peptides in (tandem) MS, different
ypes of fragment ions are produced that can be described by a
pecific nomenclature (Fig. 5) [177,178,186].

As the cleavage of the peptide backbone commonly occurs at the
eptide amide bond, N-terminal b-ions as well as C-terminal y-ions
re most typically observed in tandem MS spectra of peptides. Sim-
lar ion types are formed for positive and negative ions. High energy
ID generates more fragments, such as ions resulting from cleavage
f the side-chain bond in addition to backbone cleavage(s) that are
amed as d-, v- and w-ions [177]. In addition, ions which have lost
n ammonia (−17 Da) or water (−18 Da) molecule can be seen in
he CID spectra, especially in low energy CID. Furthermore, internal
ragments can be observed as a result of double backbone cleavages.
mmonium ions are internal fragments that can be observed at low

/z values, generated by cleavage at both the C- and N-terminus of
n amino acid residue. Muroa et al. have reported more sensitive
etection using an immonium ion as product ion compared to other
ypes of product ions and have related the occurrence of the immo-
ium ions to the sample clean-up precipitation procedure with TCA
105]. Also Chang et al. [113] have reported higher intensity of an
mmonium product ion, but this ion was not selected for SRM as it
howed interference with endogenous substances in the matrix.

The fragmentation of peptides is affected by the number, the
ature and the position of the amino acid residues in the peptide
nd has been reviewed in detail by Papayannopoulos [187]. For
xample, the presence of proline causes preferential fragmenta-
ion adjacent to proline, often resulting in relative abundant y-ions
187]. For cyclic peptides all amino acid residues present in the pep-
ide can occur at the C- and N-terminus after ring opening, thereby
roducing different types of b- and y-ions.

. Data analysis and quantification

.1. Validation

Validation of a bioanalytical LC–MS assay is required to ensure

ccurate and precise data. Procedures for bioanalytical liquid chro-
atographic method validation have been reviewed by Rosing et al.

188]. The guideline for bioanalytical method validation, published
y the Food and Drug Administration (FDA) counts as a standard
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or the examination of validation parameters, such as linearity,
ccuracy, precision, selectivity and specificity, stability and recov-
ry [189]. The guideline includes LC–MS and LC–MS/MS assays, for
hich it specifically describes the validation of matrix effects. This

uideline can also be applied for the bioanalysis of peptides.
The sensitivity of an assay can be expressed as the lower limit

f quantification (LLOQ), which is defined as the lowest amount of
nalyte that can be quantified with a precision and accuracy equal
o or better than 20%. Most bioanalytical assays for peptides show
n LLOQ between 0.5 and 10 ng/ml, with some lower LLOQs mainly
or smaller peptides (Table 5). Lower LLOQs have sometimes been
chieved by using columns with smaller diameters or by decreas-
ng background interferences. For example, for both C-peptide and
ctinomycin-D improved sensitivity has been reported by reducing
atrix effects, either by using two-dimensional chromatography

83,152] or by changing the internal standard and eluent compo-
ition [92]. Improved sensitivity of LC–MS assays has also been
eported for several other compounds. The LLOQ for the quan-
ification of the depsipeptide FR901228 could be decreased from

to 0.1 ng/ml plasma by an improved extraction procedure and
odified internal standard [134,135]. The sensitivity of a quan-

itative assay for the �-melanocyte-stimulating hormone analog
elanotan-II could be improved by the incorporation of a more

ensitive hybrid triple quadrupole linear ion trap MS instrument,
ecreasing the LLOQ from 5 to 0.5 ng/ml plasma [80,103]. For the
nti-fungal peptide caspofungin however, the advanced measure-
ent by the implementation of a fully automated on-line extraction

ystem resulted in a higher LLOQ than an earlier developed method
62,84].

Some assays have been described with lower sensitivity and
LOQs above 10 ng/ml, particularly when quantification in lower
oncentration ranges is not required. However, also instrumen-
ation seems to play an important role in the sensitivity of the
ssay. This is illustrated for the few assays with the highest LLOQ
>200 ng/ml) of which three have been based on measurement with
n ion trap mass spectrometer [62,110,112].

.2. Internal standards

Internal standards (IS) are commonly used in quantitative bio-
nalysis, and may correct for variabilities during all different steps
f the bioanalytical process, e.g. recovery, dilution, adsorption,
vaporation, degradation, derivatization or instrumental perfor-
ances. For quantitative bioanalytical LC–MS methods, the main

eason for the use of an IS is correction for MS detection, as MS
esponse may vary largely due to several parameters that are dif-
cult to control. For example, the ionization of the analyte may
e influenced drastically by the presence of matrix components
ausing ion suppression of the analyte, especially when electro-
pray ionization (ESI) is employed. Other parameters influencing
onization efficiency are the temperature or gas flow of the ion
ource. To correct for all these variabilities the ideal IS should
ave the same characteristics as the analyte, showing similar
xtraction recovery, but also similar LC retention for identical ESI
onditions and similar MS ionization. Therefore, stable isotopi-
ally labeled (SIL) analogs of the peptide are commonly used as
S for bioanalytical peptide LC–MS assays. These compounds differ
rom the analyte only by mass, thereby allowing simultaneous MS
etection.

However, the synthesis of SIL compounds is very expensive and

his makes the use of structural analogs a useful and cheaper alter-
ative. Structural peptide analogs can differ from the analyte by
n exchange or removal/addition of amino acids or a small mod-
fication in one or more side chains. For the quantification of a
anchemokine inhibitor, the use of a diastereomer as IS has been

i
t
p
s
b

atogr. B 872 (2008) 1–22

escribed [110]. The use of a diastereomer however necessitates
hromatographic separation from the analyte.

Comparisons of SIL-ISs with alternative ISs have turned out in
avor of the SIL-IS [145,190]. For the analysis of kahalalide F, a cyclic
epsipeptide with a molecular mass of 1478 Da, the use of a SIL-

S resulted in significantly lower variance compared to the use of a
utyric acid analog [99]. Improved linearity, accuracy and precision
ith a SIL-IS was observed for the quantification of angiotensin IV

n dialysates by nano LC–MS/MS, as well as the ability to correct for
eptide degradation in the microdialysates [145].

Compounds that might initially seem completely different from
he analyte have also been described to be used as an IS, some being
eptides [63,81,82,103,151], but some even being non-peptidic, e.g.
orphine as IS for the quantification of the nonapeptide vaso-

ressin analog desmopressin (MW 1068 Da) from human skin
amples [148]. For the quantification of depsipeptide FR901228,
n antitumor agent, t-boc-�-d-glutamic acid benzyl ester has ini-
ially been used as IS [135]. Li and coworkers [134] have described
he improvement of this method, using N-t-boc-Met-Leu-Phe as IS.
his IS still differs structurally from the analyte, although it is a
eptide, but it improved sensitivity since the initial IS was unsta-
le in certain biological matrices. For the quantification of apicidin,
he structurally different trazodone was favored as IS instead of
he structural analog HC-toxin, which showed too low extraction
ecovery [130].

Although the use of ISs for quantitative LC–MS bioanalysis of
eptides is well accepted, some assays are reported that do not use
n IS (Table 5). Quantification of the polypeptides glucagon (MW
483 Da) and motilin (MW 2699 Da) without the use of an IS has
een described by Delinsky et al. [49,54], as a SIL analog was con-
idered too expensive and no other polypeptide or structural analog
as found to exhibit the same extraction properties. As for the other

ssays, the use of an IS is mostly preferred, but merely simply not
ossible as no suitable analog can be found. The accurateness of the
uantification of salmon calcitonin (MW 3430 Da) without IS [108]
ould simply be improved by the use of a SIL analog [107].

The high number of different bioanalytical assays for the quan-
ification of cyclosporin A offers an insight in the variety and
erformances of used ISs. The use of a SIL-IS is preferred, because

t best mimics the absolute recovery, fragmentation and, most
mportantly, the ionization efficiency of cyclosporin A. Alterna-
ively, structural analogs, like cyclosporin B, C, D or G have been
sed (Fig. 6). Structurally different ISs have been used, because of
he restricted availability of the structural analogs or because one IS
s preferred for the simultaneous quantification of several analytes
121–123,125,142]. However, the use of an IS for cyclosporin A quan-
ification has also been reported to be unnecessary [116–118,120],
articularly when no off-line SPE step is performed. At the end,
alidation of the bio-analytical assay has to show whether the
roposed internal standard sufficiently corrects for the different
ariabilities.

.3. Peptide degradation

The quantification of peptides in biological samples can be com-
licated by various degradation processes, not only in the biological
atrix, but during all steps of the analytical procedure. The chem-

cal instability of peptides and proteins is defined by modifications
n the amino acid residues, such as oxidation, reduction, hydrolysis
r de-amidation. The physical instability of peptides and proteins

nvolves changes in the secondary, tertiary and quaternary struc-
ures. Factors influencing both chemical and physical instability of
eptides and proteins, and amino acid residues most sensitive to the
pecific degradation pathways have been described and specified
y Reubsaet et al. [191,192].
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Fig. 6. Chemical structures of cyclosporin

In biological matrices, the presence of different metabolic
nzymes, e.g. esterases or proteases, will easily cause both in vivo
nd ex vivo degradation of peptides and proteins. In vivo degrada-
ion of the analyte might necessitate simultaneous quantification
f one or more metabolites along with the parent compound,
specially when these metabolites exhibit (un-) desired activity.
or example, the de-amidated metabolite of the polypeptide HIV-
usion inhibitor enfuvirtide, M-20, only differing from the parent
ompound by a de-amidated C-terminus and a 1 amu mass dif-
erence, has approximately 20% of in vitro activity of the parent
ompound and has been successfully quantified together with the
arent drug [95,113].

Degradation of peptides can also occur ex vivo. For several
eptides instability in the biological matrix at room temperature
as been reported [53,65,80,82,141,144,150,151]. Biological samples
ith peptides may be stored frozen for periods up to 1 year without

ignificant losses. To prevent ex vivo degradation of peptides in the
iological matrix, addition of protease or other inhibitors has been
eported [138,144,150,151], as well as complete preparation of the
amples in on ice [65].

Limitations for quantitative assays caused by both in vivo and ex
ivo alterations of peptides have been illustrated for the endoge-
ous vasoactive nonapeptide bradykinin. As bradykinin is rapidly
etabolized and also artifactual produced during blood sampling,

ts stable metabolite BK1-5 has been selected for quantification as
marker for bradykinin production [78]. The gastrointestinal pep-

ide ghrelin has also shown limited stability and has therefore been
imultaneously quantified with its deacylated analog [106].

Once extracted from the biological environment, peptides and
roteins can still suffer from different types of degradation pro-
esses. A complete validation of the LC–MS (/MS) method should
herefore include different in-process stability experiments, such
s stability of the peptide in the dried extracts or reconstitution
olvent. Limited storage in the autosampler has been reported due
o different degradation or solubility characteristics of the analyte
nd its IS [95,99,115].
. Future perspectives

The bioanalysis of peptides is continuously developing with
ovel or improved techniques being introduced. For peptide sep-
ration LC columns become more advanced or miniaturized, such

7

f
D

) and analogs used as internal standards.

s the monoliths discussed before. Other advances are the produc-
ion of LC columns with sub-2 �m particles and LC-systems that
an handle the higher pressures associated with these columns.
his technique offers advantages, such as improved speed, sensi-
ivity and resolution. For peptide analyses, this can be a suitable
echnique to improve the separation of complex mixtures, as
emonstrated for peptides from an enzymatic digest on a 27 cm

ong capillary column packed with 1.0 �m particles [193]. The
uantification of a tryptic digest of apolipoprotein A1 on a column
ith 1.7 �m particles showed comparable sensitivity as a capillary

olumn (75 �m i.d.), but a 20-fold reduction in run time [156].
Also mobile phase alterations can improve traditional LC. In

upercritical fluid chromatography (SFC) a fluid, maintained at its
ritical state is used as mobile phase. This mobile phase has a low
iscosity and high diffusivity and thereby offers advantages such
s speed and use of longer columns. As the most commonly used
uid CO2 is relatively non-polar, SFC has been applied for mainly
on-polar compounds. Nevertheless, Zheng et al. [194] showed the
pplicability of SFC with MS detection for peptides by the elution
f polypeptides up to 40-mers.

Current mass spectrometric detection has been improved by
everal novel techniques for the different stages in the mass spec-
rometric process. Several advances in ionization sources have
lready been mentioned. A technique that pre-separates ions
etween the ion source and the mass spectrometer is high-field
symmetric waveform ion mobility spectrometry (FAIMS). With
AIMS ions are separated by their differences in ion mobility in the
lternately applied strong and weak electric fields [195]. This tech-
ique can thereby reduce chemical background and consequently

mprove signal-to-noise ratios, as has also been demonstrated for
eptide ions [196,197].

Mass analyzers have been improved to provide higher resolution
nd to increase sensitivity and signal-to-noise ratios. Also novel
echniques to improve the ion transmission, collision or detection in
he mass spectrometer have been developed and are under further
evelopment.
. Conclusions

LC–MS is a suitable technique for the quantification of peptides
rom biological samples and is still under further development.
ue to the complexity of the biological matrices, the sample
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re-treatment is a crucial, but also time-consuming step in the bio-
nalytical process. The development of (semi-)automated sample
re-treatment techniques will be a way to reduce the total analysis
ime. Other features of peptides, complicating their quantification,
re their ability to adsorb to different sorbents during the analyti-
al steps, their sensitivity to degradation and the difficulty to find
suitable IS.

LC is necessary to separate the peptide from interfering
omponents, although selective MS detection diminishes the chro-
atographic requirements. LC columns have been developed in
ays to improve analysis speed and chromatographic performance.

he LC effluent usually enters the MS by ESI. However, during ion-
zation a part of the sensitivity of the MS detection can be lost as
he signal is deviated over multiple charges, isotopes or adduct
ons. To improve sensitivity, the ionization has to be sufficiently
ptimized. Tandem MS can improve the selectivity by selecting a
pecific product of the peptide after dissociation.

The different parts of the MS remain susceptible to develop-
ents and improvements, likely to make LC–MS and/or LC–MS/MS

he most versatile technique for peptide quantification in biological
atrices.
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