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convenient way to measure the charge 
of individual ions is to use image 
charge detection. A multi-charged ion 
in the proximity of a conductive surface 
impresses on it an equal and opposite 
image charge. In particular, if the ion 
 travels through a conductive tube, and 
if the tube is long enough, the image 
charge is equal to the charge carried by 
the ion. This approach was pioneered 
by Shelton in 1960 for characteris-
ing  multiply charged  microparticles.2 
Based on this concept of image 
current  detection, charge-detection 
mass spectrometry (CD-MS) coupled 
to  electrospray ionisation (ESI) was 
introduced by Benner and co-workers 
in 1995 for weighing macro-ions with 
masses higher than one mega dalton.3 
The passage of a multi-charged ion 
through the detection tube induces a 
voltage proportional to the charge of 
the ion and inversely proportional to the 
capacity of the system. The duration of 
this induced signal is equal to the time-
of-flight (ToF) of the ion through the 
detector. By measuring,  simultaneously, 
velocity and charge of individual ions, 
together with  measuring the accel-
eration voltage, one can compute 
the mass of the ion. This allows one 
to extend the limit of conventional 
mass spectrometry towards high mass 
compounds, as demonstrated for large 
DNA strands,4 viruses,5,6 liquid droplets7 
and  macropolymers.8–10

Introduction
Mass is a critical property of compounds 
related to their quantity of matter, their 
inertia, as well as their energies. To 
measure mass one can use a scale or a 
balance, both of which rely on the Earth’s 
gravity. The balances we use today in 
our laboratories can even detect masses 
down to 10–7 g but this measurement 
method becomes inadequate below 
this limit. Indeed the mass of a mole-
cule, for example, is so extremely small 
that its gravitational force is too small 
to be measured. This low mass can be 
measured by mass spectrometers that 
use electric or magnetic fields to separate 
ionised compounds according to their 
mass-to-charge (m/z) ratio. However, 
conventional mass spectrometry (MS) 
has limitations for weighing macro-ions 
with masses higher than one megadal-
ton (1 MDa or 10–18 g).1 Above this limit, 
m/z spectra become unsolvable due to 
the fact that high mass ions may carry 
an unresolvable distribution of charges. 
Moreover, large ions may not all have 
exactly the same mass due to sample 
heterogeneity (i.e. polydispersity), resid-
ual adsorbates such as water molecules 
and counter ions.

One solution to overcome these limi-
tations is to measure both the m/z ratio 
and the charge (z) for each ion. This 
single ion mass spectrometry enables 
one to construct a histogram of mass, 
yielding the true mass  distribution. A 

While a single-stage MS experiment 
determines the mass of an analyte, 
tandem MS (MS/MS) can provide infor-
mation on its structure. Typical MS/MS 
experiments involve mass selection of 
the ion of interest in the first MS stage 
and excitation of the ion followed by its 
dissociation and mass analysis of the 
resulting fragment ions in the second MS 
stage. MS/MS has been used to eluci-
date the structure of a variety of small- 
to medium-sized molecular ions. Due 
to the difficulty of detecting large size 
ions, using MS/MS on compounds of 
megadalton (MDa) molecular weight is 
almost an unexplored field. We recently 
implemented MS/MS for experiments 
on single electrosprayed ions from 
compounds of MDa molecular weight, 
using two charge detection devices 
(CDDs).9 This article briefly describes 
the mass spectrometry developments 
for mass and structural determination of 
nanoparticles.

Instrumentation
We developed a custom-built tandem 
charge detection mass spectrometer 
(CD-MS/MS) composed of an electro-
spray ionisation source (ESI) coupled 
to two CCDs. The ESI source generates 
highly charged macro-ions which are 
guided by an ionic train to the mass spec-
trometer (Figure 1). Ions are guided up 
to a vacuum stage chamber (10–6 mbar) 
which contains two identical CDDs 
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used as a tandem mass spectrometer. 
Each CDD consists of a conductive tube 
collinear to the ion beam and connected 
to a field-effect transistor (JFET). The 
picked-up signal, given by the passage 
of a single ion through the detection 
tube, is amplified by a low-noise, charge-
sensitive preamplifier and then shaped 
and differentiated by a home-built 
amplifier. The signal is recorded with a 
waveform digitiser card. The data are 
transferred to a desk-top computer where 
they are analysed with a custom-written 
user program. Calibration in charge was 
performed using a test capacitor that 
allowed a known amount of charge to 
be pulsed onto the pick-up tube.

The first CDD is used in a single-pass 
mode and allows ions to be selected 
and measured in the second CDD. In 
the single-pass mode, the signal which is 
picked up from each single ion compos-
ing of the sample generated in the elec-
trospray source is measured. Electrical 
noise limits the charge measurements in 
CD-MS. A root mean square (RMS) noise 
of ± 150–200 e is usually obtained, 
which imposes a low mass cut-off in 
CD-MS around 0.8 MDa and a preci-
sion in charge measurement of about 
10–15%. In addition to the reduction of 
noise in the charge measurement circuit, 
an approach that improves the limit of 
the charge measurement re-measures 
the charge on individual ions by using 
an array of CDDs or an electrostatic ion 
trap.8,11,12 However, the moderate preci-
sion in charge measurement is largely 
compensated for by the high count rate 
that can be achieved (1000 ions s–1). 
From the analysis of each waveform, 
one can thus rapidly determine, know-
ing the acceleration voltage, the mass of 
each single ion that has travelled through 
the tube.

The second CDD is used as a gated 
electrostatic ion trap, as proposed 
by Benner.12 The conductive tube is 
surrounded by two ion mirrors (Figure 
2, top) and preceded by an ion gate. 
Ions are selected both in m/z and z by 
synchronisation of the first CDD and the 
ion gate. Once the selected ion enters 
the second CDD, it can be trapped for 
several dozens of milliseconds. In paral-
lel to experimental developments, we 

conducted SIMION ion trajectory simu-
lations. A selected ion can be trapped 
between the two ion mirrors if correct 
voltages are applied on the electrodes 
of the ion mirror (Figure 2, bottom). 
In fact, these simulations also helped 
us to better understand the effects of 
initial kinetics energy and velocity direc-
tion angles on the trapping efficiency. 
During the trapping time, a continuous 
wave CO2 laser is used in a synchro-
nised manner to irradiate the trapped 
ion through a ZnSe window.

Molecular weight 
determination of 
nanoparticles
In the single-pass mode, each single ion 
comprising the sample generated in the 
electrospray source can be detected and 
measured. On this basis, mass distribu-
tions of synthetic linear MDa (from 1 MDa 
to 7 MDa) poly(ethylene oxide) were 
accurately determined.9 Averaged molar 
masses obtained were in good agree-
ment with those given by the supplier and 
we were able to provide a polydispersity 
index. Our second comparative study was 
carried out on self-assembled amphiphilic 
block copolymer nano-objects with sizes 
ranging from 78 nm to 143 nm accord-
ing to transmission electron microscopy 
(TEM).10 It first showed that we could 
push the envelope of mass spectrometry 
from a few MDa to gigadalton (GDa). 
Mass distributions were accurately 
histogramed allowing, for each micellar 

sample, the determination of the weight 
average molar mass (Mw), the number 
average molar mass (Mn) as well as the 
polydispersity index (Mw/Mn) according 
to IUPAC definitions. The versatility of the 
electrospray source to “make elephants 
fly”13 allowed us to study a large panel 
of nano-objects such as gold and silica 
nanoparticles. As examples, Figure 3 
shows mass distributions obtained for 
nano-objects made of self-assembled 
amphiphilic block copolymer formed via 

Figure 1. Experimental setup for tandem charge detection mass spectrometry coupled to electro-
spray ionisation source (ESI/CD-MS/MS). The inset shows a photograph of the CD-MS chamber.

 

Figure 2. Photo of a CDD surrounded by ion 
mirror electrodes (top). SIMION simulations: 
electric potentials in black and ion trajec-
tory in blue (bottom). The ion is trapped 
and oscillates between the two ion mirror 
electrodes.
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red multi-photon dissociation (IRMPD) 
experiments).16 When a trapped single 
ion is irradiated, drastic changes both in 
the trapping time and the final shape of 
the wavelets are observed. An example 
recorded for lambda phage DNA ions (of 
about 31 MDa in molar mass) is shown in 
Figure 4. We observe an induction time 
where almost no modification in charge 
occurs and then, suddenly, the loose ion 
continuously charges in less than 1 ms. 
Before it is no longer detected, the total 
charge of the ion is decreased by ~70 e 
during each round trip. This corresponds 
to a charge loss rate of around 1 e per 
microsecond. The regular charge loss as 
a function of time observed for lambda 
phage ions is in favour of sequential 
losses of bases accompanied by gradual 
unzipping of the double strand.

Conclusion
CD-MS and CD-MS/MS, working in 
the single-pass and multi-pass modes, 

RAFT-mediated radical emulsion poly-
merisation14 and a colloidal suspension 
of gold nanoparticles prepared by citrate 
reduction.15

Trapping and infrared 
multi-photon dissociation 
of single MDa ions
A single macro-ion selected in mass and 
charge can be trapped in the second 
CDD during several tens of milliseconds, 
which corresponds to several hundreds 
of oscillations. This generates an electric 
wavelet on the detector. The first benefit 
is that we can re-measure charge and 
time-of-flight as many times as the ion 
oscillates in the trap improving the z 
and m/z precision of CD-MS measure-
ments by a factor that can reach ~25. 
During their storage time, single ions can 
be irradiated by the CO2 laser. The CO2 
laser provides low-energy IR photons. 
Macro-ions can be efficiently heated by 
multiple absorption of IR photons (infra-

respectively, provide unique data on 
compounds of molar mass ranging from 
MDa to GDa. In particular, the determina-
tion of molar mass distribution of various 
nano-objects has been demonstrated 
and this key characterisation may be 
extended to the so-called “nanoworld”. 
The implementation of an electrostatic 
ion trap significantly improves the preci-
sion of mass measurements and allows 
one to study kinetics of dissociation of 
large macro-ions. In particular, IRMPD 
was found to be a promising tool for 
studying unimolecular dissociation of 
large macroions at the single ion level.
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Figure 3. Top: TEM image of self-assembled amphiphilic copolymer nano-objects (average diam-
eter ca 140 nm) and corresponding molar mass distribution obtained in CD-MS. Bottom: TEM 
image of Au@citrate nanoparticles (average diameter ca 40 nm) and corresponding molar mass 
distribution obtained in CD-MS.
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Figure 4. (a) Ion wavelet recorded for a 
single electrosprayed lambda phage DNA 
ion stored in the electrostatic ion trap. The 
inset shows an expanded view of the wave-
let from 10 ms to 12 ms. (b) Ion wavelet 
recorded for a single electrosprayed lambda 
phage DNA ion stored in the electrostatic ion 
trap, under a continuous irradiation of the 
CO2 laser (14.6 W cm2). The inset shows an 
expanded view of the waveform from 8 ms 
to 10 ms.


