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The analysis of elements in biological systems has 
a long tradition, due to its importance for the 
understanding of their functions. Because of the 

increasing sensitivity of modern analytical techniques 
l ike inductively coupled plasma-mass spectrometry 
(ICP-MS), the determination of various elements in 
small individual objects like cel ls, cal led single cel l 
analysis, is now possible. This significant improvement 
can provide insights into the biological variation of the 
elemental composition within a cell population. Other 
important information can be gathered for the cellular 
uptake of nanomaterials or pharmaceutical drugs.

Single cel l ICP-MS usually refers to the introduc-
tion of a cell suspension via a nebulization system, al-
though laser ablation might be considered useful for 
this purpose as well. Similar to single-particle ICP-MS 
developed by Degueldre and co-workers in 2003, the 
concept of single cell ICP-MS is based on introducing 
a diluted cell suspension into the ionization source in 
combination with short integration times (between 
µs and a few ms) on the detector side (1). Once a cell 
enters the ionization source, it produces a plume of 
ions that can be registered at the detector as a short 
signal of approximately 500 µs duration. The signal 
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Cell-to-cell variability is known nowadays to be of crucial importance to understand different 
biological processes. Studying the individual variations of, for example, trace elements in cell 
populations can be carried out only by means of single cell analysis techniques, and, for this aim, 
single cell elemental analysis by ICP-MS is emerging as a selective, highly sensitive, and poten-
tially high-throughput technique. The study of constitutive elements, and uptake of metallodrugs 
(or metal-containing nanomaterials), are of special interest and importance. In this work, a highly 
efficient sample introduction system and a triple-quadrupole (TQ) ICP-MS, in combination with a 
dedicated microflow autosampler, was used for single cell analysis. This setup enables the trans-
port of intact single cells to the inductively coupled plasma used as an ion source, with transport 
efficiencies over 50% for different cell lines. The analysis of single cells using an element selective 
detection system, such as an ICP-MS, allows one to study the elemental content of both intrin-
sic and exogenous elements. For some of the intrinsic elements, such as phosphorus, typically 
occurring spectral interferences need to be removed by using a triple-quadrupole based ICP-MS 
system. The strategy to analyze concentration distributions at single cell level will be presented 
for yeast cells. The selected combination of instruments enables fully automated, unattended, 
and potentially high-throughput analysis of single cells.

Towards Automated Routine 
Analysis of the Distribution  
of Trace Elements in Single  
Cells using ICP-MS 
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Table I: Instrumental ICP-MS parameters for single cell analysis

ICP-MS Parameters Parameter Value

Instrument iCAP TQ ICP-MS

RF Power (W) 1250

Plasma gas flow rate (L/min) 14.0

Auxiliary flow rate (L/min) 0.8

Carrier gas flow rate (L/min) 0.5

O2 Cell gas flow rate (mL/min) 0.3

Nebulizer and spray chamber High sensitivity single-cell sample intro-
duction system

Sheath gas flow rate (L/min) 0.31

Sample introduction MVX-7100 workstation

Data Acquisition Parameters

Data acquisition mode Time-resolved analysis

Sample flow rate (µL/min) 10

Dwell time (ms) 5

Run time (s) 120 - 180

Isotopes monitored 31P+|31P16O+, 80Se+|80Se16O+, 52Cr+|52Cr16O+

Table II: Obtained transport efficiencies for different cell lines

Cell Line (Cell Number Concentration, 
(per mL) Transport Efficiency (%)

A2780 (25,000) 50 - 58

GM04312 (25,000) 85 - 95

Yeast cells (50,000) 62 - 69

intensity for a cer ta in isotope is 
related to t he corresponding el-
emental mass within the cel l and 
the frequency of signa ls (usua l ly 
called events) correlates to the cell 
number concentration in the sus-
pension. It was f irst shown by Li 
and colleagues, and forms the con-
ceptual basis of recent approaches 
(2). Most critical of such a system 
is the sample introduction through 
nebulization. First, it requires the 
transport of intact cells until they 
reach the plasma, and, second, the 
transport ef f iciency should be as 
high as possible. Recent develop-
ments presented combinations of 
nebu l i z ers  a nd spray cha mbers 
that permit high eff iciencies of up 
to 100% (3–5). In this work, we will 
present a highly ef f icient sample 
introduction system, and a triple- 
quadrupole (TQ) ICP-MS in combi-
nation with a dedicated microf low 
autosampler. Transport efficiencies 
will be illustrated on several exam-
ples. Final ly, we wil l demonstrate 

the applicat ion to the analysis of 
yeast samples, in order to demon-
strate the intracellular incorpora-
tion of elements by the commercial 
producer.

Experimental
Instrumentation
For al l ICP-MS measurements, an 
iCAP TQ ICP-MS (Thermo Fisher 
Scientif ic) was used. For measure-
ments of phosphorus ,  selenium, 
and chromium, TQ-O2 mode was 
selected (mass shif t f rom 31P+ to 
31P16O+, 80Se+ to 80Se16O+ and 52Cr+ 
to 52Cr16O+, respectively, af ter re-
action with oxygen in the reaction 
cell). For single cell measurements, 
the instrument was f it ted to the 
high sensitivity single-cell sample 
introduct ion system for ICP-MS 
(Glass Expansion). The data were 
acquired using time-resolved analy-
sis mode at a dwell time of 5 ms. All 
ICP-TQ-MS parameters are summa-
rized in Table I.

Samples and r insing solut ions 

were introduced into the plasma at 
a f low rate of 10 µL/min, using the 
MVX-7100 µL workstat ion (Tele-
dyne CETAC Technologies). This 
autosampler system is connected 
to the iCAP TQ through a trigger 
cable, which a l lows the unsuper-
vised analysis of sample sequences. 
This system also offers the possibil-
ity of diluting and mixing the sam-
ples before the injection. Brief ly, 
the workstation allows to place the 
samples in a cooled holder, where 
they are aspirated through an inert 
sample probe. Only the measured 
sample volume needs to be taken, 
because the sample is then brought 
to the injection loop. After settling 
the sample volume into the loop, a 
carrier f low pushes it to the sample 
introduction system. The carrier 
f low is also used as washing solu-
tion, and, therefore, 2% nitric acid 
is used for this purpose. All inter-
na l par ts of the autosampler are 
inert and metal-free. One sample 
can be analyzed in a total time of 
less than 7 min, with an effective 
measurement time of up to 3 min. 
 
Preparation of Cell Samples
Lyophi l i zed yeast  sa mples  were 
re s u s p e nd e d  i n  w at e r,  w a s he d 
twice by centr i f ugat ion, and di-
luted to a f ina l concentrat ion of 
around 50,000 yeast cel ls per mL 
in water (determined by f low cy-
t om e t r y) .  S i m i l a r l y,  t he  o t he r 
cel l  l ines (A2780 and GM04312) 
were  w a s he d  w it h  a  T B S  s o lu-
t ion,  a nd f i na l ly  d i luted to ap-
proximately 25,000 cel ls per mL. 

Data Treatment
As previously reported (4,6), each 
data set was averaged, and the data 
points higher than three or f ive 
standard deviations over the mean 
were considered as cell or particle 
events. This procedure was iter-
ated, af ter removal of the events, 
until no new data points above the 
threshold were detected. Al l sin-
gle-cel l or particle signals higher 
t han t hree standards dev iat ions 
above their mean were discarded 
as multiple-cell or particle events. 
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Figure 1: (a) Time-resolved signal and 
(b) histogram for the measurement of a 
suspension of 24000 particles per mL of the 
30 nm gold nanoparticle standard NIST 8012.

Figure 2: (a) Time-resolved signal and (b) 
histogram for the measurement of a 33000 
beads per mL suspension of polystyrene 
calibration beads loaded with Eu.
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Results and Discussion
Transport Efficiency of the  
Sample Introduction System
The transport efficiency of the liq-
uid elemental standards for mass 
determination was calculated using 
the 30 nm gold nanoparticles ref-
erenc e  mater ia l  N IST 8 012 ,  a s 
previously reported (4). A typical 
measurement of gold nanoparticles 
and its corresponding histogram is 
shown in Figure 1. The average sig-
nal was 99±10 counts per nanopar-
t icle ,  and 124 nanopar t icles per 
minute were detected. The trans-
port ef f iciency was ca lculated by 
div iding the number of detected 
particles by the number of particles 
in the suspension, which was cal-
culated using the certified values of 
gold concentration and particle size. 
The transport efficiency calculated 
in this manner resulted to be 55% 
for 30 nm gold nanoparticles.

In order to mimic the transport ef-
ficiency of cells (an important factor 
for the determination of the cell num-
ber concentration), europium-loaded 
calibration beads (Fluidigm) were 
used. This calibration standard con-
tains 3.3 x 105 natural isotopic eu-
ropium-loaded polystyrene beads 
per mL, with a particle size of 3 µm. 
These particles are better compara-
ble to cells in terms of particle size 
and matrix composition than gold 
nanoparticles. After 10 times dilu-
tion in water, a typical measurement 
of polystyrene calibration beads and 
its corresponding histogram is shown 
in Figure 2. In this case, 174 particles 
per minute were detected, with an av-
erage intensity of 818 ± 101 counts per 
particle. The transport efficiency was 
51% for the calibration beads, show-
ing that there is no significant change 
in the transport efficiency when cal-
culated with gold nanoparticles or 
polystyrene beads.

For the determination of the cell 
transport efficiency, the strategy ap-
plied was initially to determine the 
cel l number concentration of the 
suspension by f low cytometry (4). 
This determination served as a ref-
erence for the following single cell 
ICP-MS experiments. In a recent 

work, we suggested, either after the 
uptake of a non-toxic terbium-con-
taining complex or the detection 
of the const itut ive element iron, 
for counting cell events by ICP-MS 
(4). Since the ICP-TQ-MS offers the 
sensitive detection of other consti-
tutive elements like phosphorous, 
we figured out that this element was 
better suited as a general ICP-MS 
cell marker. Due to its ubiquitous 
presence in biological systems (in 
form of DNA, R NA, phosphate , 
phospholipids, and so forth), the 
detection of 31P+ with a mass shift 
to 31P16O+ after reaction with oxy-
gen turned out to be a good indica-
tor for the presence and number of 
cel ls. Figure 3 shows a typical ex-
ample of the time-resolved analysis 
of GM04312 cells in the single cell 
mode. Cell events could be clearly 
distinguished from the background 
using t he cr iter ia ment ioned in 
paragraph “data treatment.” The 
number of detected cell events was 
then set into relation to the theo-
retical ly expected cel l number, as 
obtained from the f low cytometric 
experiments, and the resulting ra-
tios were equal to the transport ef-
ficiencies.

The dif ferent cel l l ines showed 
the transport eff iciencies, as sum-
marized in Table II .  Dif ferences 
between the cell types could be ob-
served, and might be explainable by 
the differing cell shapes, robustness, 
and sizes. The day-to-day variations 
were in the order of 5% absolute, 
and the transport ef f iciency was 
virtually independent from the in-
troduced cel l number concentra-
tion (Figure 4). Initial experiments 
on the effect of cell sedimentation 
showed that any inf luence was neg-
ligible up to 30 min analysis time. 
In any case, the sample introduc-
tion system used offers in principle 
a resuspending step. Quantification 
of different elements in individual 
cells was carried out after external 
calibration using single elemental 
standards, and the required trans-
port efficiency for the aqueous stan-
dard was obtained by correlating it 
to a standard of gold nanoparticles 

(NIST 6012 or NIST 6013) (4,7).

Analysis of Commercially 
Available Yeast Samples
Nutritional yeast is sold commer-
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Figure 3: Time-resolved signal of phosphorus for the measurement of a 25,000 GM04312 cells 
per mL.

Figure 4: Transport efficiency of yeast cells in function of the cell number concentration.

Figure 5: (a) Time-resolved signal of phosphorus and (b) selenium for the measurement of a 
selenized yeast sample.
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cially as a food product, but yeast 
with added elements like selenium, 
calcium, chromium, and others can 
be found in various pharmacies as 
food supplement products. They 
should support the supply of essen-
tial elements to the human body in 
case of def iciency. The control of 
quality of these products is essen-
tial, and here we applied the single 
cell ICP-MS approach to investigate 
the cel lu lar incorporat ion of the 
added elements. As examples, the 
results on commercial ly available 
yeast products enriched in selenium 
and chromium are shown.

The strategy was to determine the 
total number of cells by measuring 
phosphorus and then compare it 
with the number of cel l events in 
which the sought elements were de-
tectable (7). In order to discriminate 
between cell events and background 
signals, the procedure as described 
in the paragraph data treatment was 
followed.

Typical t ime-resolved measure-
ments for the elements phosphorus 
and selenium are shown in Figure 
5. Phosphorus aga in ser ved as a 
cell marker, and the resulting ratio 
between cell events containing se-
lenium and the number of cells de-
tected by monitoring phosphorus 
resulted in 62%. That means that 
only two-thirds of the yeast cells in-
corporated selenium, at least above 
the detect ion l imit for selenium 
(0.16 fg per cell [7]). The detected 
amounts of selenium per cell were 
between 0.5 and 30 fg. It can be con-
cluded that an active cell incorpora-
tion occurred during the production 
of the so-called “selenized yeast.”

In the case of the yeast enriched 
with chromium, the same strategy 
was followed. Figure 6 ref lects the 
observations for monitoring phos-
phorus and chromium in the single 
cell mode. It becomes clearly visi-
ble that much less cell events were 
observable for the chromium trace. 
Furthermore, the background sig-
nals were relatively high, indicating 
the presence of dissolved chromium 
in the cell suspension, even after the 
applied washing steps. These find-
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Figure 6: (a) Time-resolved signal of phosphorus and (b) chromium for the measurement of a 
yeast sample enriched in chromium.
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ings showed that either the yeast 
cells were not actively incorporat-
ing chromium, or the cells were just 
mixed with an unknown chromium 
species.

In any case, these prel iminary 
results demonstrate that single cell 
ICP-TQ-MS can del iver impor t-
ant information in the control of 
yeast-based products enriched with 
elements. Apart from quantitative 
data, it can provide a fast tool to dis-
tinguish between incorporated and 
extracellular elements, as shown on 
the example of chromium. Finally, 
it might be generally useful for con-
trolling the production of commer-
cial products based on yeast.

Conclusions
The analysis of the content of trace 
elements at an individual cell level 
is possible using single cell ICP-MS 
with a dedicated sample introduc-
tion system. The technique allows to 
screen a high number of individual 
cel ls in a short period of t ime, so 
that excellent counting statistics are 
achieved, allowing a true overview 
on whether a given element is dis-
tributed homogenously within cell 
population, included in the cells or 
not, or evaluation of differences in 
intake or metabolism under certain 
conditions. Furthermore, accurate 
quant i f icat ion of t he amount of 
metal per cell is possible after cal-
ibration. This information can be 
valuable in a variety of applications, 
such as structura l biolog y, cl ini-
ca l research, and biotechnolog y.  
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