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Abstract: Mass spectrometry-based qualitative and quantitative (bio)molecular analysis is a corner stone in the 
state-of-the-art pipelines in systems biology and environmental sciences. High-resolution and efficient tandem 
mass spectrometry methods and techniques are the essential analytical capabilities for the in-depth analysis of 
extremely complex mixtures of (bio)molecules of a very broad dynamic range of concentrations. Here, we briefly 
review the advantages and limitations of the current mass spectrometry with a focus on resolution, or resolving 
power, and methods of (bio)molecular fragmentation in the gas phase. We conclude with an outlook that consid-
ers possible avenues for further mass spectrometry-based method and technique development, indispensable 
for advancing the challenging real-life mass spectrometry applications in the XXI century. 
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Health, energy and 
sustainability are the 
grand challenges the 
world faces in the XXI 
century. Recent prog-
ress in science and 
technology now al-
lows these prioritized 
directions of human-
ity development to 

be considered at the molecular level.[1–5]  
Indeed, understanding fundamental chem-
ical and biological processes in nature and 
technology today requires knowledge of 
the identity, quantity, structure and inter-
action partners of the participating mol-
ecules. The near future will rely even more 
on molecular level science and technology. 
Mass spectrometry (MS) is a key analytical 
technique in receiving the required molec-
ular information from minute amounts of 
samples present in the gas, solid or liquid 
phase.[2] Molecular information on organ-
ic, inorganic and biological molecules can 
be deduced from the accurately measured 
masses of the molecules of interest and 
their fragments.[1,6] The ground-breaking 

developments of soft ionization methods 
in biological MS in the 1980s, namely 
electrospray ionization (ESI)[7] and ma-
trix-assisted laser desorption ionization 
(MALDI),[8] have tremendously acceler-
ated the development of analytical instru-
mentation and data analysis tools for spe-
cies of biological importance, leading to 
the recognition of ESI and MALDI devel-
opments with a Nobel Prize in Chemistry 
in 2002. Particularly, significant invest-
ments have been made in the area of the 
MS-based life sciences applications, espe-
cially systems biology-oriented ones.[9,10] 
The important building platform for this 
yet emerging field is the ‘-omics’ cascade, 
including genomics, transcriptomics, pro-
teomics,[1,11,12] and metabolomics.[3] Mass 
spectrometry-based proteomics and me-
tabolomics heavily rely on high-resolution 
mass spectrometry and tandem mass spec-
trometry (MS/MS),[13] briefly reviewed 
below.

Resolving power is the key analyti-
cal characteristic of a mass spectrometer 
responsible for detecting the molecular 
signal related to a unique molecule pres-
ent in the sample and not to the mixture of 
two or more molecules.[14,15] Sufficient re-
solving power is thus required not only for 
the accurate mass assignment to the mol-
ecule, but also to achieve required levels 
of sensitivity and dynamic range to enable 
the molecule’s unambiguous identifica-
tion and characterization.[16] The required 
level of resolving power in a typical mass 
spectrometric experiment is thus a func-
tion of sample complexity. The resolving 
power of a mass spectrometer to a large 
extent depends on the type of a mass ana-

lyzer employed. Mass analyzers separate 
ions according to their mass/charge (m/z) 
ratio. Together with an ion source and an 
ion detector, the mass analyzer consti-
tutes the three main building blocks of a 
mass spectrometer. The most widely used 
mass analyzers for (bio)molecular struc-
ture analysis today are time-of-flight and 
ion trap ones. In general, mass analyzers 
may be classified by the forces that gov-
ern the ion motion in a collision-free or 
collision-reduced environment (vacuum) 
and produced by electric and magnetic 
fields (Table 1). Following this classifica-
tion, the mass analyzers may be divided 
into field-free-based mass analyzers (mea-
surement of ion time-of-flight (TOF) in 
a field-free region); electric field-based 
mass analyzers (ion resonance filtering 
or trapping on specific trajectories with 
electrostatic sector, quadrupole, quadru-
pole traps, and an Orbitrap); and magnetic 
field-based mass analyzers (magnetic sec-
tor and an ion cyclotron resonance, ICR). 
Interestingly, there is no mass analyzer 
that employs both electric and magnetic 
fields for ion separation by their m/z ratio. 
Nevertheless, electric fields are employed 
for ion acceleration prior to ion separation, 
for example by TOF or ICR. In addition, 
TOF mass analyzers require supplemental 
ion manipulation to increase the resolving 
power, e.g. single or multiple ion mirrors 
(reflectrons) and orthogonal ion extraction 
devices.[17] Similarly, ICR MS requires an 
electric field to trap the ions in the direc-
tion parallel to the magnetic field.[18]

High magnetic field Fourier transform 
ion cyclotron resonance mass spectrom-
etry (FT-ICR MS) provides an unbeatable 
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ion interaction with neutral gas molecules 
(CID, for either positively or negatively 
charged precursor ions), radical anions 
(ETD for positively multiply charged 
precursor ions) or radical cations (nETD 
for negatively multiply charged precur-
sor ions), photons (IRMPD,[22] UVPD, 
EPD[23] for both positively and negatively 
charged precursor ions), and electrons 
(ECD[24] for positively multiply charged 
and EDD[23] for negatively multiply 
charged precursor ions). The most widely 
employed MS/MS method for a number 
of years is collision induced dissocia-
tion (CID) that cleaves the peptide bond 
and gives mainly b/y pairs of fragments. 
Despite its infancy, electron transfer disso-
ciation (ETD) is the most commonly em-
ployed complementary MS/MS method 
to CID and provides orthogonal informa-
tion by cleaving the N–Cα peptide back-
bone bond and giving primarily c/z pairs 
of fragments.[25] Fig. 3 shows an example 
of a typical MS/MS application for pep-
tide sequencing: IRMPD (top panel) and 
ECD (bottom panel) of a synthetic pep-
tide H-CHEMISTRY-OH allow the nature 
and order of amino acids to be revealed 
in this peptide. The peptide, that we de-
signed in recognition of the International 
Year of Chemistry (2011), was produced 
in-house by solid-state synthesis (Peptide 
Synthesis Facility, University of Lausanne, 
Switzerland) and used without further pu-
rification. It was first dissolved in pure 
water yielding a 1 mM stock solution that 
was further diluted in an electrospray so-
lution (water:acetonitrile (50:50 v/v) with 
addition of 0.1% formic acid) to a final 
concentration of 1–10 μM. The peptide 
was directly infused with electrospray ion-
ization (ESI) using a nanospray ionization 
automated interface (Triversa nanomate, 
Advion Biosciences, Ithaca, NY) at a flow 
rate around 300 nL/min. The experiments 
were performed on a hybrid linear ion trap 
Fourier transform ion cyclotron resonance 
mass spectrometer (LTQ FT-ICR MS, 

analytical performance in terms of high-
resolution measurements.[19] In the 1980s, 
the laboratory of Prof. Dr. Tino Gäumann 
at the EPFL’s Institute of Chemical 
Sciences and Engineering was one of 
the leading FT-ICR MS laboratories in 
the world (Fig. 1, left).[20] Following the 
development of the soft ionization tech-
niques and recognition of the importance 
of high-resolution MS in the life sciences 
in the early XXI century, the Biomolecular 
Mass Spectrometry Laboratory, headed 
by Prof. Dr. Yury Tsybin, was created 
and built around the state-of-the-art high 
magnetic field FT-ICR MS at ISIC (Fig. 
1, right). Why is ‘high magnetic field’ im-
portant? The advantages of high magnetic 
field FT-ICR MS include: i) resolution, 
sensitivity, and scan speed scale linearly 
with magnetic field strength; ii) upper 
mass limit, maximum trapping time, max-
imum ion energy and maximum number 
of trapped ions vary with the square of 
the magnetic field strength; iii) peak co-
alescence due to space charge effects and 
space-charge-related peak distortion var-
ies inversely as the square of the magnetic 
field strength. The combined effect of the 
above-mentioned parameters is respon-
sible for setting the lower and upper limit 
of the achievable dynamic range, as well 
as for the improvement in mass accuracy. 
Other areas of platform improvement to 
advance the field are within proper ion 
manipulation, including ion formation, 
transfer, capture, storage, fragmentation, 
excitation and detection. Advanced and 
novel signal processing methods have 
received particular attention in the recent 
years and will be briefly mentioned be-
low. 

Comprehensive structural analysis of 
(bio)molecules requires information not 
only on the accurate mass of the intact 
molecule, but also on the structure-specif-
ic fragments of this molecule.[21] Tandem 
mass spectrometry (MS/MS) refers to the 
gas-phase fragmentation of (bio)mole-

cules, e.g. peptides and proteins, and mass 
measurements of both the precursor, or 
parent, ions and the fragment, or daugh-
ter, ions. Ideally, tandem mass spectrom-
etry should provide complete information 
not only on the sequence of amino acids 
(protein primary structure) but also on the 
character and localization of post-transla-
tional modifications, e.g. phosphorylation 
and glycosylation. Peptide quantification 
is another application area of tandem mass 
spectrometry. The most widely used meth-
ods of peptide and protein fragmentation 
and fragment ion nomenclature are sum-
marized in Fig. 2. The available arsenal 
of MS/MS techniques allows fragmenting 
the peptide at all three backbone bonds, 
i.e. Cα–C, C–N and N–Cα, to yield ions of 
a, b, c types (containing the N-terminus) 
and the corresponding x, y, z types (con-
taining the C-terminus). The number of 
amino acid residues that belong to a given 
fragment is shown in a subscript, e.g. b

2
 

ion contains two amino acid residues, 
whereas its corresponding y

n–2
 ion would 

contain (n–2) amino acids, where n is a 
number of amino acids in a given peptide 
or protein. Molecular fragmentation in the 
gas phase may be induced by precursor 

Table 1. Classification of modern mass analyzers by the employed 
electric and magnetic fields.

Fig. 1. Connection of the generations: Fourier transform ion cyclotron resonance mass 
spectrometry at ISIC, EPFL. (Left) Instrument of Prof. Dr. Tino Gäumann laboratory in the late 
XXth century (produced by Spectrospin AG, Switzerland, later acquired by Bruker Germany). 
(Right) The current state-of-the-art instrument in Prof. Dr. Yury Tsybin laboratory in the XXI century 
(Thermo Scientific, Bremen, Germany).
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Thermo Scientific, Bremen, Germany) 
equipped with a 10 T superconducting 
magnet at ISIC, Fig. 1, right. Doubly pro-
tonated precursor peptides were externally 
isolated in the linear ion trap (LTQ) using 
an isolation window of 4 m/z units, prior to 
ion transfer to the ICR ion trap and subse-
quent ion manipulation following standard 
MS/MS procedures. Electron capture dis-
sociation (ECD) was performed with low-
energy (<1 eV) electrons using a pencil 
electron beam from a dispenser cathode 
located in the high magnetic field region.
[26,27] The dispenser cathode was located 
slightly off-axis to allow a photon beam to 
enter the ICR ion trap at an angle for simul-
taneous or consecutive IR activation or dis-
sociation experiments. The instrument is 
equipped with a standard CO

2
 laser operat-

ing at 10.6 µm with 25 W maximum power 
output. An optimization of the electron 
injection phase is typically performed to 
take into account the ion cloud position.[28]  
Note, in the particular case of a peptide 
H-CHEMISTRY-OH, IRMPD shows pep-
tide sequencing through the b-ions, that is 
from the N-terminus to the C-terminus, 
whereas ECD reads peptide sequence 
through the z-ions, thus in an inverse order 
(Fig. 3). In general, the type of generated 
fragment ions is a function of charge loca-
tion on a peptide. Furthermore, the prod-
uct ion abundance distribution is believed 
to contain information on the peptide and 
protein secondary and, potentially, tertiary 
structures in the gas phase.[29–33] The radi-
cal nature of the ion-electron interactions 
is manifested through the influence of 
amino acid radical stability properties on 
the product ion abundance.[34,35] 

Fig. 3 also demonstrates that direct 
mass measurements of an intact molecule 
may provide different structural levels 
of information as a function of resolving 
power. Information on macromolecular, 
e.g. protein, charge states, adducts and 
even isotopes can be derived from mass 
spectra acquired with low- to medium re-
solving power (~0.001–100 per unit of mo-
lecular weight) (Fig. 3, middle panel, left 
inset). The in-depth structural analysis, e.g. 
elemental composition from isotopic fine 
structure information, requires at least an 
order of magnitude higher resolving power 
per unit of molecular weight (Fig. 3, mid-
dle panel, right inset). Although the state-
of-the-art high magnetic field FT-ICR MS 
may provide this level of performance, e.g. 
resolving power of a few million at m/z = 
100–2000, it requires a long experimental 
time, e.g. 1–20 seconds per single mass 
spectrum acquisition. Therefore, these 
mass measurements are incompatible with 
the current and near-future requirements 
for fast data acquisition, enforced by the 
short peptide and protein elution time from 
the chromatographic column. Possible so-

Fig. 2. Peptide 
and protein 
sequence-specific 
fragmentation: 
methods and 
nomenclature. EDD 
and nETD (shown in 
red) are exclusively 
applied to fragment 
the anions. ECD 
and ETD are only 
applied to multiply-
charged cations. 
CID and IRMPD can 
be applied to both 
cations and anions, 
in any charge state.

Fig. 3. High-resolution and tandem mass spectrometry provides elemental composition and 
primary structure information (sequence) on peptides and allows protein identification and de 
novo characterization. Here, doubly protonated peptide with a sequence H-CHEMISTRY-OH is 
fragmented with (top) absorption of photons in the IR wavelength range, IRMPD; and (bottom) 
capturing of low energy electrons, ECD. Insets show isotopic resolution of a doubly protonated 
parent (precursor) peptide (middle panel, left inset), isotopic fine structure of the peptide (middle 
panel, right inset) and structure of a product ion isotopic cluster indicating an overlap of an even-
electron specie and an odd-electron (radical) one (bottom panel, left inset).
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lutions to this problem could be in both 
hardware and signal processing develop-
ment, vide infra. 

The recently achieved progress in the 
diverse MS application areas clearly dem-
onstrates the limitations of the current 
state-of-the-art and the need for further 
improvement of its analytical character-
istics to address the increasingly growing 
complexity of the materials of biological 
and chemical nature and their interaction 
pathways.[36–38] The result of the recent 
investments in the MS field, especially in 
the life science and clinical directions, is 
primarily an intellectual and technological 
progress, whereas substantial economical 
yields are still awaited and highly antici-
pated. Similarly, the sustainability of en-
ergy and fuel production and logistics is 
highly sensitive to the molecular content. 
Specifically, an important environmental 
and economical problem of heteroatoms, 
e.g. sulfur, accurate speciation becomes in-
creasingly important with the current shift 
from light to heavy crude oil production.[39] 
However, the required level of analytical 
performance of the measurement systems 
is not readily provided today. Therefore, 
the current stage of MS applications con-
firms that investing into basic chemical 
and physical research, as well as improv-
ing the sample preparation and formulation 
through promotion of the comprehensive 
dialogue of the mass spectrometrists with 
the life science researchers, clinicians and 
environmental scientists, are as essential 
as ever to be prepared for the growing ap-
plication challenges. Selected approaches 
aimed to improve the performance of the 
current MS technology are briefly dis-
cussed below.

Solution-phase Chemistry
Higher throughput, more reproducible, 

repeatable, robust and efficient methods of 
sample preparation, including sample frac-
tionation and purification, are required. 
For example, the multiple-enzyme strate-
gies leading to MS/MS-like fragmentation 
in solution and middle down proteomics 
(enzymatic digestion to 20–50 amino acid 
long peptides, instead of the currently pro-
duced 10–15 amino acid long peptides) are 
underway. Furthermore, comprehensive 
description of peptide and protein separa-
tion by liquid chromatography will allow 
retention time information to be added as 
a complementary and orthogonal source of 
data to the mass measurements. Within the 
on-going collaboration between our labo-
ratory and Dr. Gorshkov’s group (Russian 
Academy of Sciences, Moscow, Russia), a 
comprehensive model of chromatographic 
separation of proteins based on their behav-
ior near the critical conditions (between the 
size exclusion and liquid adsorption modes 
of separation) is under development.

Gas-phase Chemistry
The advances here are envisioned in mo-

lecular conformer separation with ion mo-
bility and subsequent high efficiency MS/
MS method and technique development. 
Already today, a resolving power of 80–100 
can be achieved on commercial ion mobility 
mass spectrometers at the sensitivity level 
sufficient for the entry-level life-science 
applications.[40,41] Importantly, one of the 
world’s leading manufacturing companies 
in this field is Tofwerk AG, located in Thun, 
Switzerland. Similarly to the retention time 
information, ion separation by their three-
dimensional structures in the gas phase 
provides a complementary and orthogonal 
source of data to the mass measurements. 
Development of novel and improved meth-
ods of (bio)molecular fragmentation is 
progressing through the implementation of 
novel interacting agents, e.g. photons in the 
unexplored wavelength regions and ratio-
nally designed molecules (neutral, charged 
and radicals) with specific chemical proper-
ties. Hybrid MS/MS methods, e.g. activated 
ion ECD and ETD, also have been shown 
to provide a significant improvement in the 
analytical applications.[42]

Instrument Development
FT-ICR MS hardware development fol-

lows the implementation of ultra-high, e.g. 
21 T, magnetic field environments together 
with high acquisition speed and harmo-
nized ICR ion traps.[43,44] The closest per-
formance mass spectrometer to the high 
field FT-ICR MS is the recently introduced 
Orbitrap FTMS.[45] This is an electrostatic 
mass analyzer that demonstrates superior 
performance in terms of overall instrument 
sensitivity to the FT-ICR MS, primarily due 
to higher ion transmission efficiency, but 
does not yet allow the same level of resolv-
ing power to be reached routinely. However, 
recent progress in Orbitrap FTMS develop-
ment has significantly reduced the gap be-
tween Orbitrap and ICR FTMS in terms of 
obtained resolving power required for the 
mainstream MS applications, 60–200 k.[46] 
Finally, the state-of-the-art time-of-flight 
(TOF) mass analyzers have demonstrated 
a substantial progress in the recent years 
and now offer 30–60 k resolving powers 
achieved at comparable times to the high 
field ICR and Orbitrap FTMS.[47] The most 
recent development in TOF MS technol-
ogy aimed to increase the resolving power 
is related to the implementation of the FT-
methods applied to the induced-current gen-
erated ion signals. We envision that within 
the next five years we will witness a serious 
breakthrough in this technology, which may 
become commercial. 

Data Processing
Incredible progress in computational 

power and high frequency electronics 

will drive the MS-based technology per-
formance to the new level. Signal pro-
cessing development, which appears to 
be more realistic and less expensive than 
hardware improvement, has received par-
ticular attention in recent years. A number 
of groups, including ours, are in the pro-
cess of tailoring super-resolution signal 
processing methods, e.g. the filter diago-
nalization method (FDM), to the needs of 
the ICR and Orbitrap MS.[48] The goal is 
to replace FT-based signal processing with 
methods that would require 10–100 times 
shorter transient time-domain signals to 
yield a similar level of resolving power. In 
the distant future this may allow the next 
important step in resolving power increase 
to be made that could enable the differ-
entiation between the isomers of a given 
molecule, which is not achievable today.[15] 
In other words, we would be able to weigh 
a chemical bond in organic molecules to 
confirm their structure directly from the 
MS data! Indeed, the resolving power re-
quired to differentiate the two isomers is 
(estimation with calculated heats of forma-
tion): 

10
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To conclude, high-resolution and tan-
dem mass spectrometry have already 
revolutionized the way we treat sustain-
ability, energy and health problems today. 
However, incremental progress in high-
resolution mass spectrometry performance 
and tandem mass spectrometry efficiency 
is needed and highly anticipated. The par-
ticular application fields that capitalize 
upon high-resolution mass measurements 
and efficient tandem mass spectrometry 
are petroleomics,[49] metabolomics, bot-
tom-up and top-down proteomics,[11,50] 
and mass spectrometry-based imaging. 
Furthermore, a truly interdisciplinary ap-
proach is needed to move MS into the clin-
ics. Researchers from all the complemen-
tary areas, for example, mass spectrome-
try, NMR and pathology, thus need to open 
their data to the community. However, in 
addition to the intellectual properties and 
confidential patient information, the qual-
ity of the data is a major concern. The 
noise in information available is still too 
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high to integrate it into the interdisciplin-
ary approach. The avenues of method and 
technique development in high resolution 
and tandem mass spectrometry described 
above, currently under investigation at the 
ISIC’s Biomolecular mass spectrometry 
laboratory, should significantly contribute 
to the improved data quality and lead to ad-
vances in the corresponding applications.
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