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a b s t r a c t

In this study, a method of simultaneous dual mass detection for single cell analysis by quadrupole-based
ICP-MS (ICP-QMS) is proposed. The method shows potential for use in quantitative investigations of
nanoparticle association and elemental composition of cells. Dual mass detection had been attempted in
the analysis of two-element core-shell nanoparticles and in isotope dilution analysis. In this method the
detector switches between two selected masses during the analysis. Dual mass mode eliminates the
discrepancies in signal that can occur due to sample instability or fluctuation in sample uptake when two
masses are analysed sequentially by conventional single cell analysis (SP mode). Preliminary tests
showed that using an Mg spike as marker of cells in dual mass mode was feasible for the quantification of
cells. The method showed good linearity and a reproducible detection rate, and the results were com-
parable to the SP mode. The approach was then employed with algal cells exposed to silver nanoparticles
(AgNP), to study on the Ag-associated cells and AgNP by monitoring the Ag and Mg signal in one
analytical run. Finally, Mg and Mn were detected, and then quantified using the same approach to
evaluate the elemental composition and correlation between different elements of the exposed cells. It is
believed that this dual mass approach can extend the capability of ICP-QMS for multi-elemental
detection at the single cell level, representing an enormous potential for size characterization, quanti-
fication and elemental composition evaluation in single cell (particle) analysis.
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1. Introduction

With the rapid development of nanoparticles and the increasing
number of molecular studies conducted at the cellular level,
requirements for analytical sensitivity and accuracy for size, number,
concentration and identity of elements are also increasing. Analysis
at the nano-scale is important because nanoparticles may have
completely different behaviours from their micro-scale or bulk an-
alogues. For example, aggregation is much easier for nanoparticles
than micro-particles. Differences in chemical properties mean cor-
responding differences in reactivity and toxicity [1]. Size has a pro-
found effect on uptake of an element in biological systems, and
thereby relates to toxicity [2], hence, it is crucial to conduct the
measurement at nano-scale. In the study of nanoparticles, elemental
concentration, particle size, and relative proportion of various spe-
cies are useful parameters for understanding their behaviour.

In cell analysis, a conventional approach involves the use of
elemental tagging to label the target cells; the concentration of cells
is then determined based on the concentration of the tagged
element. While this approach is commonly adopted, this method
may not be reliable because it depends on the tagging efficiency
and the stability of the tag. Recently, single cell analysis has been
gaining popularity as a way to determine the content of exogenous
and endogenous elements of cells. Mass cytometry has been
employed to measure the labelled cells treated with nanoparticles
in single cell analysis [3,4].

ICP-MS is an excellent elemental detection technique with
powerful quantitative capabilities. It has been coupled to different
techniques, such as size exclusion chromatography (SEC) and
asymmetrical flow field-flow fractionation (AF4) for size fraction-
ation of nanoparticles and quantification of the nanoparticle frac-
tions. Although ICP-MS can provide continuous size fractionation,
the size resolution of the analysis may not be high. Nowadays,
single cell-ICP-MS (SC-ICP-MS) or single particle-ICP-MS (SP-ICP-
MS) is becoming more popular for nanoparticle and cell studies
because it can provide size distribution (with the use of a particle
standard) and quantitative information about the sample in a single
analysis. It has been used with a wide range of samples, including
manufactured nanoparticles [5], consumer products [6,7], foods [8],
environmental water [9], road dust [10], plants [11], biological tis-
sues [12] and cells [13e17]. SP/SC-ICP-MS makes use of the
time-resolved data acquisitionmodewith short integration time. In
this mode, a sufficiently diluted sample containing discrete parti-
cles (cells) is introduced to the ICP-MS particle-by-particle, result-
ing in different spikes in the ICP-MS signal. The spike intensity
relates to the mass (size) of the particles, and the number of spikes
is proportional to the number of particles (cells) in the samples. By
measuring a particle standard, the transport efficiency of the
sample can be determined, and the particle size in the sample can
be calculated. The most common type quadrupole-based ICP-MS
(ICP-QMS), involves a sequential mass analyser that scans across
the mass spectrum in the data acquisition process to detect the ions
corresponding to the selected mass-to-charge (m/z) value. In single
particle analysis, when the cells (particles) are introduced one by
one into the ICP, there will be significant loss in number of spikes of
the targeted element if there are too many m/z values that need to
bemonitored, and because the typical nebulization efficiency of ICP
is around 1%. Because of this, only onem/z value is monitored in the
analysis when using ICP-QMS, and there is no information about
the relationship of different elements in the sample. Unfortunately,
this relationship is very useful in studying the stoichiometry of the
elements and elemental composition in the particles or cells. One
way around this is to perform multiple SP-ICP-MS measurements,
one for each m/z value; however, this is impractical and often
impossible when sample amount is limited.
To perform multi-element single cell (particle) analysis, induc-
tively coupled plasma time-of-flight-mass spectrometry (ICP-
TOFMS) can be used to conduct simultaneousmulti-element SP-ICP-
MS analysis. In a time-of-flight mass analyser, in contrast to the
sequential scanning in the quadrupole mass analyser, the ions are
differentiated according to the time they reach the detector, and this
time is based on ionmass. The lighter ions will travel faster than the
heavier ones under the same accelerated voltage. The detector does
not scan along the mass spectrum; rather, the signal of the whole
mass spectrum is acquired at one time. This fast acquisition makes
ICP-TOFMS an excellent instrument for analysis involving extremely
short transient signals, such as single cell (particle) analysis and
laser ablation analysis. However, ICP-TOFMS is more expensive and
less common in commercial and research laboratories.

In ICP-QMS, single cell (particle) analysis has been attempted
with detection of two masses (or “dual mass detection”) in a single
measurement run. In this case, the detector switches between the
two masses alternatively during the measurement. There are three
reports about this mode of detection. In one study, the detection
was tested in the analysis of engineered nanomaterial, and the
elemental ratio of Ce:La was used to differentiate the engineered
nanomaterials from naturally occurring nanomaterials in a real
water matrix [18]. In a second study, this dual mass measurement
was utilized with isotope dilution [19], where one of the masses
was assigned to detect an alternative isotope of the target element
with isotope enrichment. Results showed that the signal suppres-
sion in seawater (with high NaCl content) can be compensated for
with isotope dilution, providing a more accurate size measurement
of nanoparticles as compared to analysis without using isotope
dilution. In the third, most recent study, ICP-QMS was used in a
comparison with ICP-TOFMS with single particle detection [20].
The authors suggest that dual mass detection is possible for semi-
quantitative analysis of single particles by ICP-QMS. These exam-
ples suggest the feasibility of dual mass mode for quantitative
single cell (particle) detection using ICP-QMS. However, in the
published studies, all the data were interpreted in terms of signal
count or number of spikes, without considering themass or particle
concentration. In other words, the capability of dual mass mode for
mass or cell (particle) concentration has not yet been explored. It is
useful to collect quantitative information of two elements because
this can reveal the elemental stoichiometry, which helps elucidate
the correlation between the elements and illustrates the interac-
tion between nanoparticles and cells.

Quantification of cellular nanoparticles had been attempted
previously. The cell was quantified by flow cytometry, with the
nanoparticle content measured by ICP-MS [21]. Hereinwe explored
the potential of dual mass mode for quantitative analysis of nano-
particle association and elemental composition of cells in a single
cell level. In the first part, the dual mass mode was tested with
single cell algae, Chlorella vulgaris (C. vulgaris). An Mg spike was
considered as a marker of cells for the quantification in dual mass
mode and SP mode measurements. In the second part, we used the
dual massmode to study on the Ag-associated algal cells after AgNP
exposure, Mg and Ag were monitored using the dual mass mode to
evaluate the size of AgNP and quantify the Ag-association in cells
upon exposure. In the final part, mass quantificationwas performed
for Mg and Mn to study the elemental composition and correlation
of different elements in the exposed cells.

2. Experimental

2.1. Materials

Commercialized nanoparticles AgNP (60 nm) and AuNP (60 nm)
were purchased from BBI Solutions (Cardiff, UK). Single element



J.T.-S. Lum, K.S.-Y. Leung / Analytica Chimica Acta 1061 (2019) 50e5952
standard solutions of Mg, Mn, Ag and Au at 1000mg L�1 were
purchased from VHG Lab (Teddington, Middlesex, UK). Trace-metal
grade concentrated HNO3 and concentrated HCl (Aristar, BDH, UK)
were used as purchased without further purification. Single cell
algae, Chlorella vulgaris and Bold's Basal Medium were supplied by
Carolina Biological Supply Company (Burlington, NC, USA) and
PhytoTechnology Laboratories (Lenexa, KS, USA), respectively.
Milli-Q water (18.2 Mcm Millipore, Billerica, MA, USA) was used to
perform all dilutions.

2.2. Preparation of algae for analysis

Single cell algae, C. vulgaris was cultivated with Bold's Basal
Medium in 500mL glass conical flasks placed in an incubation
chamber with a 12 h light/dark cycle. When the algae density
reached around 107 cells mL�1, the algae stock was stored in air-
tight plastic bottle at 4 �C to minimize growth until exposure
studies and analyses.

For nanoparticle exposure, algal cells with cell concentration at
around 107 cells mL�1 were exposed to 2.6� 107 particles mL�1

(low dose) or 2.6� 108 particles mL�1 (high dose) of AgNP. After
exposure for 72 h, the algal cells were collected and washed with
Milli-Q water three times to remove the intact AgNP and culture
medium with the aid of centrifugation (3000 rpm for 3min). The
cells were then resuspended in Milli-Q water with appropriate
dilution to achieve a cell concentration of around 105-106 cells
mL�1, prior to SP mode and dual mass mode analyses.

2.3. Preparation of nanoparticles and elemental standard solutions
for mass quantification

AgNP and AuNP were vortex-mixed followed by dilution with
Milli-Q water to a concentration of 104 to 105 particles mL�1 for the
determination of particle size and transport efficiency. Samples
were freshly prepared each day and analysed within 6 h after
preparation.

To obtain the calibration curves formass quantification in SC-ICP-
MS analysis, elemental standard solutions were prepared and ana-
lysed in the same mode as the samples. The concentration range
used in ICP-QMS analysis were: 1e50 mg L�1 for Mg in 2% HNO3,
0.1e5 mg L�1 for Mn, Ag in 2% HNO3, and 0.1e5 mg L�1 for Au in 2%
HCl. In ICP-TOFMS analysis. The concentration range was
0.1e50 mg L�1 for all the selected elements (as showed in section 2.5).

2.4. SP mode and dual mass mode analysis

Agilent 7900 ICP-MS (Agilent Technologies, Inc., CA, USA) with a
quadrupole mass analyser was operated in time-resolved analysis
(TRA) mode for single particle/single cell ICP-MS analysis. Only one
mass was monitored each time in the SP mode, and two masses
were monitored in dual mass mode. Instrumental parameters are
listed in Table 1.

2.5. ICP-TOFMS analysis

An icp-TOF 2R system (TOFWERK, AG, Thun, Switzerland) was
employed in time-resolved mode for single cell (particle) analysis.
The standard introduction system with a double-pass cyclonic
spray chamber and concentric nebulizer was used. Instrumental
parameters are listed in Table 2.

2.6. Data treatment

The data acquired by ICP-QMS was exported into a .csv file for
data treatment using MS Excel 2016. For the ICP-TOFMS data, the
mass recalibration and baseline subtraction were done using TOF-
WARE (TOFWERK, AG, Thun, Switzerland) and post-processing was
done with TofPilot Script (TOFWERK, AG, Thun, Switzerland). The
transport efficiency of the ICP-MS system was determined using
60 nm Au nanoparticles suspension. The particle size was deter-
mined according the method reported by Pace et al. [22] using a
commercially prepared suspension of nanoparticles of known size.
The average blankþ 3*Sigmawas used as a criterion to differentiate
particle spikes or cell spikes from the background signal.

3. Result and discussion

3.1. Dual mass mode for quantification in algal cells

To evaluate the feasibility of cell quantification with dual mass
mode analysis, the single cell algae, C. vulgaris, was employed as a
model. The cells of this species are suitable for single cell analysis
by ICP-MS because of their small diameter, i.e. 5e10 mm. The highly
abundant element in algal cells, Mg, was used as a marker for single
cell detection because it is essential for the growth and develop-
ment of algae. Mg is a major component of chlorophyll, so the Mg
content of an algal cell is related to its photosynthetic activity. 25Mg,
rather than 24Mg, was chosen for monitoring because of severe
polyatomic interference between 24Mg and 12C2

þ species in ICP-
QMS detection. At the same time, Mn was also monitored in the
dual mass mode.

Prior to the analysis, washing is required to remove most of the
culture medium because the high concentration of elements such
as Mg, Cu, Zn and Mn in the culture medium can easily mask the
spike of the algal cells. Fig. 1 shows an example of frequency dis-
tribution of 25Mg spike of the control algae after washing with Milli
Q water twice with centrifugation. The actual algae concentration
was determined by hematocytometer, and the detection rate was
calculated by comparing the detected number of algal cells to the
number of algal cells introduced to the ICP-MS. The detection rate
depends on the washing efficiency (i.e., efficiency in removing
culture medium), the bulk concentration of algal cells, and the in-
tensity of the background signal. In this study, the detection rate
was 0.02e0.03% for the algae concentration at around 106 cells
mL�1. This value was considered reasonable, because the typical
nebulization and transport efficiency of ICP-MS is around 1%.

Several parameters were evaluated to compare the SPmode and
dual mass mode for quantification of elements in algal cells. 25Mg
was monitored in the dual mass mode. The results are listed in
Table 3. Other than detection efficiency and frequency distribution,
the linearity of the analysis was also evaluated to test for cell
quantification of dual mass mode, by correlating the number of
spikes detected with the algae concentration determined by
hematocytometer. As shown in Fig. 2, a satisfactory linearity was
achieved for both SP mode and dual mass mode, with correlation
coefficients of 0.9990 and 0.9998, respectively. In addition, the
slopes of the calibration curves for the two analytical modes were
very close to each other (with the % difference of 0.960%). This
proved the dual mass mode is applicable for quantification of cells
in single cell (particle) analysis. The detection rate of 25Mg as
determined in both modes was around 0.0293%, with the RSD
<12.3%. The RSD is smaller at higher algal cell concentrations
because a higher cell count increases the confidence level for
detection. Due to the small number of spikes at lower cell con-
centrations (3.92� 105 cells mL�1), the full width at half maximum
(FWHM) of the frequency distribution could be determined only at
a higher particle concentration, i.e. 3.92� 106 cells mL�1. Results
showed that the frequency distributions of 25Mg spikes obtained by
the two analytical modes were very similar, with no significant
difference in the dispersity of the distributions.



Table 1
Instrumental parameters for ICP-QMS.

Parameters Settings

ICP-MS Agilent 7900 ICP-MS
RF Power 1400W
Plasma gas flow 14.0 Lmin�1

Auxiliary gas flow 1.0 Lmin�1

Carrier gas flow 1.05 Lmin�1

Cones Nickel
Nebulizer and spray chamber Micromist, Scott-type double-pass (2 �C)
Sample uptake rate 0.3mLmin�1

Analysis mode Standard
Data acquisition mode Time-resolved analysis (TRA)
Integration time 10ms
Measurement duration 60 s for SP mode, 120 s for dual mass mode (approximately 60 s for each mass),

200 s for dual mass mode in exposed algae measurement
Monitored elements 25Mg,55Mn, 107Ag

Table 2
Instrumental parameters of ICP-TOFMS.

Parameters Settings

ICP-MS icpTOF 2R
RF Power 1550W
Plasma gas flow 14.0 Lmin�1

Auxiliary gas flow 0.8 Lmin�1

Carrier gas flow 1.0 Lmin�1

Cones Nickel
Nebulizer and spray chamber Concentric nebulizer, cyclonic spray chamber
Sample uptake rate 0.3mLmin�1

Analysis mode CCT, H2 gas with flow rate at 5mLmin�1

Data acquisition mode Time-resolved analysis (TRA)
Integration time 2.8ms
Measurement duration Up to 360 s
Isotopes selected for mass quantification 24Mg,31P,39K,55Mn,56Fe,63Cu,66Zn

Fig. 1. Spikes of 25Mg in control algal cells as detected by ICP-MS. (A) SP mode; (B) dual mass mode.

Table 3A
Quantification of 25Mg spike signals in control algal cells by SP mode.

Algae concentration determined by hematocytometer (cell mL�1) 3.92� 105 1.57� 106 2.74� 106 3.92� 106

Average number of spikes in 60 s (n¼ 3) 33.667 142.333 234.000 339.333
Detection rate % (n¼ 3) 0.0286 0.0303 0.0284 0.0289
RSD % 11.245 8.143 3.917 2.212
FWHM (based on signal intensity), (RSD %) NA NA NA 949.000, (12.35)
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Table 3B
Quantification of 25Mg and 55Mn spike signal in control algal cells by dual mass mode.

Algae concentration determined by hematocytometer (cell mL�1) 3.92� 105 1.57� 106 2.74� 106 3.92� 106

Average number of spikes in 60 s (n¼ 3) 34.333 136.000 232.000 335.333
Detection rate % (n¼ 3) 0.0292 0.0289 0.0282 0.0285
RSD % 7.330 7.091 8.490 1.917
FWHM (based on signal intensity), (RSD %) NA NA NA 933.828, (9.904)
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Single cell analysis, whether in SP mode or dual mass mode,
provides more accurate results than total elemental analysis.
Firstly, in both SP and dual mass modes, the spikes yielded from the
sample cell (particle) can be differentiated from the continuous
background signal. This leads to greater sensitivity and a higher
signal-to-noise ratio, which is important for those less abundant
elements (e.g. Mn) in the cells. For such less abundant elements,
their concentration may not be high enough to provide a quanti-
fiable signal in conventional total elemental analysis, but it is high
enough that a signal may possibly be differentiated in single cell
analysis. However, as dilution is often required in the SC-ICP-MS
analysis to ensure the cell concentration is low enough to avoid
multiple particle overlap in the detection, the background signal
(i.e. the culturemedium in this case), can be greatly reduced, so that
it will be less likely to mask the spikes from the cells. Secondly, the
sample volume is less critical in single cell analysis than in total
elemental analysis. As little as 105 cells is already enough for single
cell analysis, whereas around 107 to 1010 cells is required for sample
digestion that produces a detectable signal in total analysis. In
terms of data, the information obtained from total elemental
analysis after sample digestion is related to the bulk elemental
content of the algal cells, while the data of single cell (particle)
analysis refers to the content in individual algal cells. Information
including particle size, size distribution, cell (particle) concentra-
tion as well as mass concentration can be determined in single cell
(particle) analysis, while these are impossible to determine in bulk
analysis. Although a full elemental profile cannot be retrieved from
the algal cells by using ICP-QMS, a general outline of the elemental
content can be obtained.

Of the two approaches for single cell (particle) detection, dual
mass mode offers some advantages over the SP mode. During data
acquisition in dual mass mode, the detector is switched between
Fig. 2. Calibration of algal cells by 25Mg spike in ICP-QMS using SP mode and dual
mass mode. (n¼ 3).
two masses with the total measurement time approximately twice
that in the conventional SP mode. In this way, the time spent on
each mass is the same as when two masses are individually ana-
lysed in SP mode. While the time is the same, dual mass mode will
be more accurate, especially for unstable samples. With a 60-s
measurement time allocated for each mass in the two SP mode,
there may be discrepancy in the cell (particle) behaviour (e.g. set-
tlement) during the measurement of the first and second mass,
which may lead to inaccurate reading. Even though each sample is
always mixed vigorously prior to measurement, it is impossible to
guarantee complete homogeneity without particle settlement
during the analysis. Any fluctuation in the sample uptake during
the two SP mode measurements can also make the result less ac-
curate and reproducible. In contrast, in dual mass mode, during the
entire 120-s measurement, when the instrument is switching be-
tween the two masses, any settlement of particles (or cells), or
matrix instability (e.g. pH change) during the analysis will be
equally experienced by both measured masses. The influence of
sample or solution instability on the detection discrepancy of the
two masses is reduced in dual mass mode as compared to SP mode.
When the purpose of the analysis is not to study the relationship
between twomeasuredmasses, the detection discrepancy between
dual mass mode (i.e. monitoring two masses simultaneously with
double measurement time) and sequential measurement of the
two masses with SP mode may not be critical to the analysis.
However if the purpose of the analysis is to investigate correlation
between the two masses, for example, as in the case of isotope
dilution (the ratio of two isotopes is considered) and correlation of
different elements in the sample, dual mass mode can provide a
more accurate result.

Since the dual mass mode gives more reliable quantification
results, it has good potential applications in both single cell and
nanoparticle analyses. For example, it can be used to study the
stoichiometry of different elements in nanoparticles containing
multi-elements. More importantly, it can be employed in nano-
particle exposure studies to study the association of metal-based
nanoparticles with cells because it can simultaneously monitor
elements from the nanoparticle and intrinsic elements in the cell.

3.2. Dual mass mode for the evaluation of Ag association in algal
cells

As demonstrated in section 3.1, dual mass mode is useful in the
quantification of algal cells. The approach was then used in the
analysis of algal cell after AgNP exposure to investigate the asso-
ciation of AgNP with the cells. To validate the exposure study, ICP-
TOFMS was employed first to confirm the association of AgNP with
algal cells. The algae exposed to a high dose of AgNP (2.6� 108

particles mL�1) for 72 hwas analysed by ICP-TOFMS for verification.
The TOF mass analyser acquires data quickly; it can collect the

entire mass spectrum in one measurement, with all elements
analysed for each detected particle (cell). As the samples were
sufficiently diluted for single cell measurement, and assuming
there were no multiple particle events in the detection, each spike
corresponds to only one particle or cell entering the plasma. The
spikes corresponding to Ag in solution and Ag in an algal cell can be
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differentiated based on the full mass spectrum of each spike.
Compositional filtering was applied based on the elemental
composition of each mass spectrum. The spectra can either contain
only the Ag signal (corresponding to AgNP), or they can contain all
the elements in the cell (Mg, P, K, Fe, etc) without Ag (corre-
sponding to cells without AgNP-association), or they can contain all
the cellular elements as well as Ag (corresponding to cells with
AgNP-association).

Fig. 3 shows the size distribution of spikes in the algal cells after
washing. The blue bar corresponds to the distribution without
compositional filtering, representing the AgNP associatedwith cells
and free Ag species (as Ag ion or small AgNP). The result revealed
that spikes in the lower size range make up the largest portion of
the spikes. After applying compositional filtering (grey bar), the
number of spikes in the lower size range was greatly decreased,
with a unimodal distribution. This plot corresponds to the AgNP
associatedwith cells only, and the amount of Ag associatedwith the
cells was well above the size cut-off (which is normally between 22
and 24 nm). Compositional filtering shows that over 98% of the
algal cells were associatedwith Ag species (for spikes with intensity
lower than the size cut-off, ionic Ag cannot be differentiated from
AgNP). The difference between the two plots implies that those Ag
spikes not associated with the cells present in the washed sample
were very likely to be intact Ag species. This observation, suggests
that the washing procedure must be modified to better remove the
intact AgNP for later analysis of nanoparticle association in algal
cells by dual mass mode with ICP-QMS.

Since the result of ICP-TOFMS showed that the washing as
original performed did not remove all the intact AgNP, the washing
procedure was further optimized before dual mass mode analysis.
AgNP suspensions of 2.6� 107 and 2.6� 108 particles mL�1

(equivalent to the low dose and high dose of AgNP, respectively, in
the exposure experiment in section 2.2) were spiked into the algal
cells. The cells resuspended after the 2nd, 3rd, 4th and 5th wash-
ings were analysed by ICP-QMS with dual mass mode. Dual mass
mode can be fully exploited in this evaluation, because both ele-
ments can be monitored together at the same time to avoid any
discrepancy due to sample instability or particle (cell) settlement.
As shown in Fig. 4, there was significant loss in cell count (indicated
by Mg spike) after the 4th washing (Fig. 4A and B), but no signifi-
cant change in the number of Ag spike starting from the 3rd
washing (Fig. 4C and D), indicating that the Ag spike may possibly
Fig. 3. Size distribution of 107Ag spikes obtained by ICP-TOFMS after 72 h exposure of
algal cells to a high dose (2.6� 108 particles mL�1) of AgNP.
the remaining Ag species associated with the cells. Centrifugation,
using the conditions described, yielded an acceptable number of
cells for single cell measurement. No morphological change in the
recovered algal cells was observed. As the number of cells
remaining after three times of washing was acceptable for quan-
tification (at around 100e200 cells), this procedurewas adopted for
subsequent dual mass mode analysis.

After the optimization of the washing step, dual mass mode was
used to perform quantification of cells and to evaluate the associ-
ation of AgNP with algal cells after exposure for 72 h to a low dose
(2.6� 107 particles mL�1) of AgNP. 25Mg and 107Ag weremonitored.
The size of the AgNP particles used in the exposure study was
measured to be at c.a. 43.9 nm (Fig. 5A). Although this deviates from
the reported value, this measured value was used as a reference to
evaluate the size of AgNP after exposure. Fig. 5B shows the size
distribution of Ag in algal cells exposed to AgNP. From the result, Ag
was found to be mainly associated with the cells in the forms of
single nanoparticle or of Ag ions, despite some potential aggrega-
tion of particles or multiple association of nanoparticles (some
isolated spikes appeared in the size range larger than 60 nm). It is
noted that the size cut-off for Ag was around 24 nm (spikes below
size cut-off are shown in the white bar), and it was not possible to
differentiate the size of particles or ionic species below that size.
The size distribution of AgNP in the cells was broader than that
spiked in the medium (Fig. 5C), probably due to the variation of
AgNP associated with the algal cells.

Despite different exposure doses, dual mass mode retrieved
results similar (Fig. 5B) to those obtained in ICP-TOFMS (grey bar in
Fig. 3). Most of the associated species were in the form of single
AgNP, with an average size of 31.22 nm. After the low dose AgNP
exposure, the particle concentration of the AgNP associated with
algal cells was found c.a. 1.87� 106 particles L�1 (corresponding to
5.00� 10�4 mg L�1). With a total of 1.89� 107 particles L�1 (corre-
sponding to 8.66� 10�3 mg L�1) available in the spikedmedium, the
associated Ag species took up< 10% of the total AgNP available in
the medium. Furthermore, about 2.34� 10�4 mg L�1 of ionic frac-
tion was detected in the algal cells. This fraction is comparable to
the ionic fraction in the standard AgNP solution
(1.30� 10�4 mg L�1), suggesting that there is no significant disso-
lution of AgNP in the experiment.

Fig. 6 shows the overall association of the AgNP with algal cells.
To quantify the AgNP associated with the algal cells, it was assumed
that there was no AgNP dissolution, aggregation or other trans-
formation. The quantified value was considered as an estimation of
the equivalent number of nanoparticles associated with the algal
cells. Among the cells with association, over 80% of them associated
with one AgNP. The finding was in good agreement with related
studies exposing other types of cell lines to AgNP, demonstrating
the general association of AgNP with cells [13]. The percentage of
cells with multiple associations decreased as the number of
nanoparticles increased, with only 10% of the cells in association
with two nanoparticles. This may indicate that most of the AgNP
was associated in the form of small nanoparticles.

While AgNP can be quantified using the Ag spike, cell concen-
tration can also be determined based on the Mg spike in dual mass
mode analysis. Using the control algal cells to obtain a calibration
curve of Mg, the cell concentration in the exposure study was
calculated. For algal cell density in the order of 106 cells mL�1, the
detection rate of the exposed cells is around 0.022% (n¼ 5). Based
on these values, some useful data was quantified, such as the
theoretical mass of nanoparticle(s) associated with each algal cell;
this theoretical mass is equal to the mass concentration of AgNP
(based on the 107Ag signal) divided by the calculated cell concen-
tration (based on the 25Mg signal). The determined value was
around 4.41� 10�4 ng. With the assumption that most of the intact



Fig. 4. Spikes of 25Mg and 107Ag obtained by dual mass mode in the algal cells of a low (A, C) and high dose (B, D) Ag exposure after different number of washings. (n¼ 3).
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AgNP was removed by the optimized washing procedure, the Ag
signal detected corresponded to the Ag associated with the cell, i.e.
the AgNP particle concentration corresponds to the concentration
of cells associated with Ag. Then the percentage of cells in associ-
ation with nanoparticles was determined by dividing the particle
concentration of nanoparticles with the algal cell concentration
(determined by 25Mg signal in dual mass mode)� 100%. It was
found out that the percentage was around 0.152% (RSD¼ 22.66%).
Regarding the average of AgNP determined by both methods, the
values were 0.27 fg by dual mass mode and 0.52 fg by ICP-TOFMS.
This is reasonable as they were of the same magnitude; the
discrepancy may due to differences between cell batches. These
values can be very useful in the evaluation of nanoparticle or metal
content of cells; however, it may not be feasible to determine these
values when using the conventional SP mode.

3.3. Dual mass mode for elemental contents in algal cells

While ICP-QMS cannot differentiate independent AgNP from
cell-associated AgNP, it can distinguish intrinsic from extrinsic el-
ements in algal cells. Because of this, ICP-QMS can be used to
retrieve information about elements in algal cells. It is proposed
that the element found in cells can be influenced by external
stimulation or exposure, because any change in element content
may reflect uptake, release or generation of nutrients by the cells
[17]. Similarly, nanoparticle exposure may influence the nutritional
status in algal cells. The content of essential elements in algae is
worthy of investigation as the change in the elemental content can
help to evaluate the impact of nanoparticles on cells. According to
our knowledge, there has no reported ICP-MS analysis of the cor-
relation between the presence of different intrinsic elements in
single-cell samples. This type of information is valuable because it
reflects the genuine elements within the cells without influence
from the culture medium. Here we determined the elements pre-
sent in single-cell samples based on the spikes number and on the
absolute mass of the elements as determined by calibration. In this
part, we investigated the change of elemental contents of Mg and
Mn in algae after high and low dose AgNP exposure for 72 h and
168 h (i.e., four experimental treatments). Mn was chosen for the
study as it is also related to the growth of and is involved in
photosynthesis of algal cells [23]. Any change in Mn content in the
cell may reflect the impact of AgNP exposure.

Using the current instrumental settings, the LOD of 25Mg and
55Mnwere 5.92 fg and 0.32 fg, respectively, while the average spike
signals of 25Mg and 55Mn were larger than 200 fg and 2 fg, respec-
tively. By comparison, the average signal to LOD ratio of 25Mg (33.8)
is larger than that of 55Mn (6.25). Mg has a higher sensitivity than
Mn in the single cell analysis, therefore, it was chosen as themarker
for algal cell analysis in this study. Nevertheless, it is possible that
the absolute content of Mn in some of the cells was lower than the
LOD shown by this method, so the average of all signals of the
detected spikes was considered in the evaluation of elemental



Fig. 5. Size distribution of Ag (A) in AgNP used in exposure study; (B) in algal cells after low-dose exposure (2.6� 107 particles mL�1) to AgNP for 72 h; and (C) in equivalent dose of
AgNP spiked in culture medium.
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content. Because the sensitivities to the Mg and Mn in ICP-MS
detection differ, the absolute intensity of the spikes cannot be
compared on a quantitative basis. However, since the sensitivities
Fig. 6. Estimation of number of AgNP associated with algal cells (n¼ 5).
are constant, the relative count of the spikes are relevant; hence the
results here are reported in terms of Mn/Mg ratios. Fig. 7 shows the
scatter interval plots of Mn/Mg ratios of different groups. The large
variation in the ratios of some groups is due to the differences
Fig. 7. Ratio of mass of Mn/Mg in algae after AgNP exposure (n¼ 5).



Table 4
Median of % by mass of different elements in algal cells by ICP-TOFMS (Mann-Whitney test, *P > 0.05).

24Mg 31P 39K 55Mn* 56Fe 63Cu* 66Zn*

Control algae (no of spike: 168) 9.353 51.313 37.359 0.101 0.409 0.046 0.541
High dose exposure (no of spike: 118) 10.047 50.745 37.564 0.113 0.411 0.060 0.661
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between cells. After quantifying the mass of each element in the
spikes using elemental standard solutions, an interesting trend
could be observed. As shown in Fig. 7, the Mn/Mg ratio decreased in
the control algae from 72 h to 168 h but increased in both AgNP-
exposed groups. Mg and Mn are essential micronutrients in algae,
and involve in photosynthesis and other metabolic activities. The
variation may due to either increase in Mg uptake by the cells, or
decreased Mn content in the cells. This indicates that the exposure
exerted some impact on the algal cells. i.e. the AgNP may affect Mg
or Mn regulation, in a mechanism possibly involving enzymatic
activity. However, further investigation of this phenomenon was
beyond the scope of the current study. Given that there is variation
between cells, it would be helpful to include additional measure-
ment of other parameters such as chlorophyll concentration, nitrate
concentration, or other growth parameters to evaluate the health
condition of the cell after AgNP exposure. Additional information
would also demonstrate the potential use of elemental information
in single cell analysis for the evaluation of cell condition.

By comparing the result of high dose exposure group (72 h
exposure) and the control algae, a similar observationwas obtained
in ICP-TOFMS (for 72 h high dose exposure group). That is, exposure
to AgNP resulted in increased Mn content in cells. Since ICP-TOFMS
can differentiate the algal cells associated with Ag, its mass can be
correlated with each spike. With the higher mass resolution of the
TOF analyser, 24Mg instead of 25Mg was used for the quantification,
and other masses, including 31P, 39K, 55Mn, 56Fe, 63Cu and 66Znwere
also quantified. For ease of comparison, mass ratios of each element
to the total mass of all the quantified elements (Mg, P, K, Mn, Fe, Cu
and Zn) were calculated to determine the % by mass of the element
(% by mass). The calculated values also had a distribution (which
reflected the variation in algal cells). Median values of the % bymass
in the control algae and exposed algae samples are reported in
Table 4 for comparison. The finding was similar to that observed in
dual mass mode; that is, the % by mass of Mnwas slightly higher in
the exposed group as compared to the control group. Based on the
Mann-Whitney test, there were significant differences (*P > 0.05)
in Mn, Cu and Zn content between control algae and the exposed
algae. It was observed that the algal cells remained intact after
exposure, suggesting that the change in elemental content was
influenced by the uptake of the mineral by the algae. All these el-
ements are essential to the growth of algal cells. More specifically,
Mn is important in enzyme activation in the cell development; Zn is
involved in protein synthesis and energy production; while Cu is
required in photosynthesis and mitochondrial respiration [23,24].
Therewas no additional toxicological evaluation (e.g. quantification
of the related enzymes) of the algal cells in this study, so it is
impossible to determine whether the variation in % mass (Table 4)
and Mn/Mg ratio (Fig. 7) was due to decreased uptake of Mg or to
increased uptake of other elements. Even so, the results clearly
show that AgNP exposure affects how algal cells take up mineral
elements involved in the growth of algal cells, thereby implying
that exposure influences algae growth.

3.4. A potential alternative for multi-element single cell analysis:
dual mass mode in ICP-QMS

Although both ICP-QMS and ICP-TOFMS are unable to differen-
tiate nanoparticles that are attached to a cell from those that are
taken up by a cell, ICP-TOFMS has an advantage over ICP-QMS in
that it can isolate a cell spike from the background, and cell with
multiple nanoparticle association and aggregated nanoparticle
spike without cell association. In terms of data acquisition, ICP-
TOFMS is more powerful than ICP-QMS in several aspects: it can
collect more data (higher number of spikes) with the same mea-
surement time, and the content of different elements can be
correlated with each spike.

The dual mass mode using ICP-QMS can also be used to retrieve
useful information from single cell (particle) analysis. This capa-
bility paves the way for more laboratories to conduct similar single
cell analyses with the conventional ICP-QMS systems. Here we
propose some useful technical tips for using the ICP-QMS system
for determining elemental content of single cells. (1) Longer mea-
surement time is suggested to increase the statistical confidence of
the data, so the findings will be more representative. For most
cases,120e200 s is adequate. (2) The particle (cell) concentration of
the sample preferred for analysis is similar to that in the conven-
tional SP mode analysis, which is around 105 to 106 cells (particles)
per mL to avoid multiple particle events in the detection. It is al-
ways necessary to strike a balance between the cell (particle)
concentration and the measurement time in order to perform a
single cell (particle) analysis with good reproducibility and accu-
racy. (3) Regarding the elements of interest, both elements in the
diluted sample must be suitable for the concentration range of
single cell (particle) analysis, so that the results can be used to
determine the correlation between both elements. For example, in
this study, a high-dose Ag exposure could not be used because in
such a case the particle concentration of Ag would have greatly
exceeded the algal cell concentration. On the other hand, using
essential elements of cells for the analysis poses no such problem.
Because they are endogenously present, the number of spikes of
these elements will fall in a similar range as the cell concentration.
(4) The homogeneity of the sample should be maintained. It is
assumed that the sample behaves as completely homogenised,
without dissolution, aggregation and species transformation of
nanoparticle and cell when performing quantification. Maintaining
this homogeneity will reduce any differences in distribution of the
analyte in the sample matrix during measurement. In dual mass
mode, the masses are being ‘analysed’ in a doubled measurement
time, due to the fact that a similar duration is used in data acqui-
sition for each mass. In the experimental setting in this study, it has
been shown that there was no significant settlement of cells over
the 360 s measurement duration. The measurement of Mg spikes
detected in each 120-s time period was precise, with RSD of almost
3% (n¼ 3). The more homogenised the sample, the higher the ac-
curacy of the correlation between the monitored elements because
the variation between cells (particles) is greatly reduced. This is
important when the element stoichiometry is investigated in cell
(particle) sample.

4. Conclusion

In this work, we successfully demonstrated an alternative
approach of using dual mass mode of ICP-QMS for single cell
(particle) analysis. Based on the previously reported dual mass
detection for size characterization, we showed that the proposed
dual mass mode is comparable to the conventional SP mode for the
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quantification of algal cells with satisfactory linearity. The two
masses, Mg and Ag, were successfully monitored in a study of
nanoparticle association in algal cells. It was found that over 80% of
the AgNP-exposed algal cells were associatedwith only one particle
(including ionic Ag). In addition, it was also proved that dual mass
mode can be used to investigate the elemental content in the cells.
Data obtained by dual mass mode by ICP-QMS suggested that the
Mg or/and Mn content may be influenced by AgNP exposure, and
the results of ICP-TOFMS supported this hypothesis. Although the
amount of data collected by ICP-QMSmay not be comparable to the
full mass spectrum obtained by ICP-TOFMS, dual mass mode in ICP-
QMS can provide quantitative analysis, size characterization and
elemental profiling with good reproducibility and comparable ac-
curacy. The above findings all proved the feasibility of dual mass
mode for quantitative analysis and elemental study in cell or
nanoparticles samples in a single cell (particle) manner.

To improve the analytical performance of dual mass mode in
ICP-QMS, sample introduction efficiency should be enhanced.
Employing a high-efficiency sample introduction system can in-
crease the detection rate. Due to the low transport efficiency of the
conventional concentric nebulizer (only a few percent), many cells
(particles) are lost during sample introduction and therefore not
detected. Using a faster quadrupole detector such that the inte-
gration time (e.g. 3ms or even ms) is shorter can improve the sta-
tistical confidence of the data by reducing the probability of multi-
particle events during the detection. In the view of nanotoxicology,
further modifications of the sample pre-treatment, such as chem-
ical etching, may also be helpful by isolating the nanoparticles
attached to the surface of the cells from cell-internalized nano-
particles. Such isolation will facilitate study of the translocation or
uptake mechanisms, as well as the transformation of the nano-
particles. Dual mass mode can be employed to collect information
with more than one-dimension (not only for quantification of the
target elements), as the correlation between elements can also be
retrieved. We believe this approach is worth exploring.
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