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T he importance of inductively 
coupled plasma–mass spec-
trometry (ICP-MS) for trace-

level elemental quantification has 
been affirmed through increasing 
interest and research within the field 
of environmental science and human 
clinical studies. The analysis of trace-
level elements has expanded signifi-
cantly into the pharmaceutical indus-
try because of the growth of biologics 

in clinical trials and as commercial 
therapies, in many cases address-
ing previously unmet medical needs. 
These therapeutic proteins are large 
molecules of significant complexity 
because of protein secondary and ter-
tiary structure as well as post-trans-
lational modifications. The complex-
ity arises, in part, as the proteins are 
produced by mammalian cells during 
growth over many days in proprietary 

ICP-MS Analysis of 
Multiple Trace Elements 
in Industrial Cell Lines
Trace-level multiple-element analysis through inductively coupled plasma–
mass spectrometry (ICP-MS) provides suitable support for biopharmaceu-
tical upstream process development and batch quality control. To set up a 
platform method for trace-level multiple elements in industrial cell culture 
media, scans of all relevant elements of fed-batch cell harvests from vari-
ous mammalian cell lines were initially obtained and the distinct presence 
of major elements was observed. After an initial scan, 14 target elements 
were sorted into two analysis modes based on their specific concentration 
levels in the harvests. Following this sorting process, multiple-element 
standard curves with particulate ranges of each element were constructed. 
Results using various mammalian cell line harvests validated this method 
of trace-element analysis and provided a theoretical basis for metabolic 
pathways in distinct cell lines, based on differentiating elemental uptake 
patterns. Moreover, this multiple-element analysis demonstrated the 
efficiency of using multiple-element standards for quick result turnover. 
These results show the capability of ICP-MS to monitor multiple trace 
elements with high sensitivity in various industrial cell culture media.

Wei Hong, Ilyas Holmes, Todd Stone, Robert Henry, Victor Vinci, and 
Yunsong Li
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growth media. The media contain nu-
trients for optimal growth and influ-
ence expression of the target protein. 
Of particular interest, several trace 
elements (such as Mn2+) have been 
reported to improve glycosylation 
profiles of final products in Chinese 
hamster ovary (CHO) cells, by acting 
as a cofactor in a mechanism with 
β-1,4-galactosyltransferase (1). Sensi-
tive instrumentation such as ICP-MS 
could be of great benefit in analyzing 
trace-level elements in spent media 
originating from different industrial 
cell lines. This technique naturally 
leads to facilitating cell culture pro-
cess optimization by ensuring that 
critical product quality attributes, 
such as glycoforms, meet the standard 
of innovator drugs. 

Based on reported studies about 
trace-element concentrations in 
human serum, a minimum sample 
volume of 500 μL is required for each 
sample (2,3). In some publications, 
the sample preparation approach is to 
use a digestion (4). The primary ad-
vantage of using the digestion method 
is to achieve complete decomposition 
of the matrix. However, the digestion 
procedure can introduce random 
contamination and volatile elements 
that interfere with the interpretation 
of results. In this work, we eschew 
the digestion process and implement 
a “dilute-and-shoot” method instead. 
Based on the characteristics of drug 
substance samples, appropriate dilu-
tions for each sample are determined 
and applied. This approach provides 
the advantage of a minimum sample 
preparation volume requirement, 
which may be as low as 100 μL. With 
the dilute-and-shoot approach, sam-
ple preparation time is significantly 

reduced and possible sources of con-
tamination are minimized. Moreover, 
assay cost is significantly less than the 
digestion method because it avoids 
microwave digestion during sample 
preparation.

It is noted that this method can 
result in buildup of sample residues 
on the MS nebulizer and sample in-
troduction line, requiring frequent 
cleaning of both the nebulizer and 
pump tubing. Moreover, a standard 
minimum dilution limit must to be 
set to ensure the nebulizer and sample 
introduction lines are not saturated by 
protein matrices. After considering 
results obtained from internal work 
regarding analysis of trace-element 
concentration in CHO cell culture 
media, the minimum dilution of each 
sample preparation was defined as 
1:100 in this study.

The analytical approach used for 
this experiment was validated by per-
forming an accuracy check and a pre-
cision spike study. The method was 
then performed to assay a wide range 
of concentrations of the following ele-
ments of interest: Mg, Cr, Mn, Fe, Co, 
Ni, Cu, As, Se, Mo, Sb, Ba, Tl, and Pb. 
These elements originated from two 
common industrial cell lines, desig-
nated in this study as cell line 1 and 
cell line 2.

Experimental 
Instrument Parameters

The entire study was performed using 
an Agilent 7700 quadrupole ICP-MS 
system (Agilent Technologies). The in-
strument parameters are summarized 
in Table I. The 14 elements were ana-
lyzed using ICP-MS in two separate 
modes. Most of the elements of interest 
were analyzed using standard mode. 
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However, for Fe analysis, He mode 
with a collision cell was used to elimi-
nate intense plasma- and polyatomic-
based interferences such as 40Ar16O+.

Reagents and Standards

Standards and samples were prepared 
with high purity water that had a 
resistivity of 18.2 MΩ. Trace metal–
grade nitric acid (Fisher Chemical) 
and ICP-MS trace-metal standards 
(Inorganic Ventures) were used in 

all standard preparations. To facili-
tate the monitoring of instrument 
parameters and the stability of target 
elements during the analysis, an in-
ternal standard mixture consisting of 
Li, Sc, Y, In, and Bi was added to each 
sample at a 2.5-μg/L level. The data 
are presented in Figure 1.

For initial scanning, semiquantita-
tive (SemiQuant) mode was used with 
ICP-MS (5). For full quantitative (Full-
Quant) mode based on distinct levels 
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Figure 1: Internal standard recovery percentage measured with ICP-MS. All five 
internal standards in no gas mode (6Li, 45Sc, 89Y, 115In, 209Bi) have a recovery (%) 
range of 96–113%. Internal standard (45Sc) in He mode has a recovery (%) range 
of 86–118%.

Table I: ICP-MS instrument operational conditions: data acquisition parameters. 
Operating parameters were set by autotune.

Condition Mode

Operating Mode Collision Cell Standard

ICP RF power (W) 1600 1600

Sample depth (mm) 4.5 4.5

RF matching (V) 2.0 2.0

Nebulizer pump fl ow (rps) 0.2 0.1

Carrier gas fl ow (L/min) 1.0 1.0

S/C temperature (°C) 2.0 2.0

He fl ow (L/min) 5.0 0.0

Energy discrimination voltage 5.0 5.0

Integration time per mass (s) 0.1 0.1
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of each element, specific standard 
curve levels were designed as presented 
in Table II.

Sample Preparation for ICP-MS

Samples from two typical industrial 
cell lines were chosen for this trace-
element study, cell line 1 (mamma-
lian) and cell line 2 (human). Both 
cell lines typically have a two- to 
three-week bioreactor process before 
harvest. A spike study was performed 
with trace-level elements on log phase 
(day 3) to stationary phase (day 13) 
samples from both cell lines. To in-
vestigate the contribution of matrix 

effects, trace-element standard mix-
ture was spiked into each sample at 
a 1-μg/L level. Bioreactor sample ali-
quots were centrifuged at 14,000 rpm 
(20,817 RCF) for 5 min to precipitate 
any cell debris before assay. Samples 
were serially diluted twice at a factor 
of 1:10 with 2% nitric acid in high pu-
rity water, for a total dilution of 1:100. 
For each sample, a further 1:4000 di-
lution was performed using the same 
diluent to capture highly abundant 
elements in cell media (for example, 
Mg, Fe, and Cu). After preparation, 
samples were centrifuged at 3500 rpm 
(1301 RCF) for 5 min before analysis. 

Table II: Linearity and detailed range of ICP-MS calibration. No-gas mode and He 
mode were autotuned independently. The calibration standards were prepared in a 
matrix of 2% nitric acid to ensure the stability of the elements.

Element Mode
Concentration 

Level (μg/L)
Q Equation R2

Internal 

Standard

Check 

Standard 

Recovery (%)

24Mg

No 
gas

0.25–25
Y = 1.630586x + 

0.585165
1.0000 6Li 99.2

52Cr 0.05–20
Y = 1.031547x + 

0.303540
1.0000 45Sc 102.5

55Mn 0.05–20
Y = 1.277016x + 

0.073030
1.0000 45Sc 101.6

56Fe He 0.25–100
Y = 5.665794x + 

1.544478
0.9999 45Sc 105.4

58Ni

No 
gas

0.05–20
Y = 0.459118x + 

0.068239
1.0000 89Y 98.9

59Co 0.05–20
Y = 0.772862x + 

0.003021
1.0000 89Y 100.3

63Cu 0.05–20
Y = 0.434964x + 

0.049489
0.9999 115In 98.2

75As 0.1–20
Y = 0.111215x - 

0.000656
1.0000 89Y 98.7

77Se 0.5–20
Y = 0.005971x - 

0.000119
0.9998 89Y 94.6

97Mo 0.05–20
Y = 0.109510x + 

0.000576
1.0000 115In 98.4

123Sb 0.05–20
Y = 0.252757x + 

0.000688
1.0000 115In 100.6

137Ba 0.1–20
Y = 0.160152x + 

0.051782
0.9999 209Bi 98.2

205Tl 0.05–20
Y = 0.886543x + 

0.004639
1.0000 209Bi 99.9

208Pb 0.05–20
Y = 1.174125x + 

0.020234
1.0000 209Bi 100.0
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Results 
Semiquantitative-mode measurement 
with ICP-MS was performed initially, 
with full scanning of all possible ele-
ments in the samples. Notably, results 
show that more obvious concentra-
tion changes of Mg, Cu, Se, and Ba 
were found from day 3 and day 13 
samples. Based on these initial data, a 
list of 14 elements was selected, which 
included the critical elements listed 
above (Mg, Cu, Se, Ba) as well as oth-
ers considered to be of interest, but in 
reduced amounts (Cr, Mn, Fe, Co, Ni, 
As, Mo, Sb, Tl, and Pb). 

The calibration ranges investigated 
for each element are summarized 
in Table II. Given the significantly 
higher abundance of 56Fe and 24Mg 
in mammalian cell media observed 
in previous experimental results, both 
calibration ranges for these elements 
began at a level of 0.25 μg/L, while 

the range for the other ultratrace el-
ements began at a level of 0.05 μg/L. 
Calibration curves for all 14 elements 
were constructed with the calibra-
tion blank as zero and a six- to eight-
point calibration series. Results for 
each isotope, calibration range, and 
linearity are also reported in Table II. 
The R2 values for all 14 elements were 
≥0.9998. With the exception of Fe, 
all the elements of interest were ana-
lyzed using standard mode. He mode 
(with a collision cell) was performed 
to analyze Fe. 77Se was measured in 
this study because 78Se consistently 
presented higher polyatomic inter-
ference with other elements and had 
corresponding higher counts than 
estimated (6).

Table III presents the instrumental 
background equivalent concentra-
tion (BEC), method limit of detection 
(LOD), and method limit of quanti-

Table III: Instrumental detection limit, method detection, and quantification 
limit measured by ICP-MS. Method LOD was calculated using the equation LOD = 
(3*BEC*RSD)/100. Method LOQ was calculated using the equation LOQ = 3.3*LOD (7).

Element
ICP-MS

Instrument BEC (μg/L) Method LOD (μg/L) Method LOQ (μg/L)

24Mg 0.359 0.011 0.037

52Cr 0.294 0.014 0.045

55Mn 0.057 0.005 0.017

56Fe 0.273 0.055 0.181

58Ni 0.149 0.017 0.056

59Co 0.004 0.002 0.007

63Cu 0.114 0.011 0.036

75As 0.006 0.016 0.053

77Se 0.020 0.065 0.216

97Mo 0.005 0.009 0.030

123Sb 0.003 0.003 0.011

137Ba 0.323 0.086 0.282

205Tl 0.005 0.007 0.022

208Pb 0.017 0.006 0.020
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fication (LOQ) for all 14 elements in 
this study. BEC was measured directly 
by ICP-MS during the run, method 
LOD was calculated as 3.3 times the 
standard deviation of triplicate analy-
ses of the calibration blank, and the 
method LOQ was calculated as 10 
times the standard deviation of the 
triplicate analyses of the calibration 
blank (7). To summarize, the in-
strument BEC for all elements was 
within the range of 0.006−0.359 μg/L, 
and the method LOD was demon-
strated to be in the range between 
0.002−0.086 μg/L.

The accuracy and precision of this 
method was confirmed by triplicate 
standard checks and sample spike 
studies. Table II illustrates the check 
standard recovery (%) for all inves-

tigated elements based on ICP-MS 
standard mode and He mode, respec-
tively. The range of recovery percent-
age (94.6–105.4%) demonstrated ac-
ceptable accuracy for all calibrants. 
Upstream samples obtained from 2-L 
bioreactors containing cells from cell 
line 1 and cell line 2 were used in this 
study to investigate matrix effects. 
Early phase (day 3) and late phase (day 
13) samples were chosen to compare 
elemental uptake by the cells during 
specific growth phases. The multiple 
standard solution (1 μg/L) was spiked 
into each sample before assay to mea-
sure the related recovery. 

Table IV summarizes the results of 
all spike recoveries (%). The spike re-
covery values were within the range of 
65–125%, indicating the capability of 

Table IV: Summary of spike recovery for upstream samples using cell line 1 and 
cell line 2

Element
Concentration 

Level (μg/L)

Cell Line 

1 - D3 Spike 

Recovery (%)

Cell Line 1 

- D13 Spike 

Recovery (%)

Cell Line 

2 - D3 Spike 

Recovery (%)

Cell Line 2 

- D13 Spike 

Recovery (%)

24Mg 0.25–25 95.9* 82.5* 86.1* 75.5*

52Cr 0.05–20 104.3 108.4 110.0 118.1

55Mn 0.05–20 106.0 106.2 106.8 117.0

56Fe 0.25–100 100.6* 64.7* 69.9* 76.5*

58Ni 0.05–20 97.3 108.0 111.5 104.5

59Co 0.05–20 100.1 112.7 100.0* 95.3*

63Cu 0.05–20 102.1 99.4 99.9* 91.6*

75As 0.1–20 97.3 97.4 103.0 99.2

77Se 0.5–20 106.1 102.8 124.8 107.4

97Mo 0.05–20 108.2 104.0 101.8 102.4

123Sb 0.05–20 100.6 98.0 97.4 99.5

137Ba 0.1–20 115.5 82.3 103.3 116.8

205Tl 0.05–20 103.8 107.6 104.7 104.3

208Pb 0.05–20 105.6 106.3 109.0 105.9

To reach optimum detection limits, samples were diluted 1:100 and *1:4000. 
Samples were spiked with 1 μg/L of spike solution, respectively. Recovery range 
was 65–125%. 
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this method to recover successfully in 
the presence of matrix. Based on spe-
cific concentration levels in cell culture 
media, some abundant elements such 
as 24Mg and 56Fe were analyzed using 
a 1:4000 dilution. Elements such as Co 
and Cu were analyzed by larger dilu-
tions within cell line 2 samples and 
smaller dilutions in cell line 1 samples.

Compiled results for investigated 
elements in each cell line media are 
displayed in Figure 2. For a better 
comparison, 24Mg, 56Fe, and 63Cu 
were grouped together and all other 

elements were combined. Among 
all the elements, 56Fe, 58Ni, and 77Se 
concentrations were significantly de-
creased with process time in both cell 
lines. Specifically, 56Fe and 58Ni had 
much higher concentrations in cell line 
1 media than in cell line 2 media and 
the concentration of 77Se was much 
higher in cell line 2 media than in cell 
line 1 media (in day 3). On the con-
trary, 59Co and 137Ba concentrations 
were increased from log phase to sta-
tionary phase in both cell lines. In ad-
dition, the 24Mg concentration had an 
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upward trend in cell line 1 media but 
exhibited a downward trend in cell line 
2 media. Similarly, a slight increase of 
63Cu in cell line 1 media was evident, 
but a significant decrease in cell line 2 
media was observed from the results.

Discussion 
The calibration results shown in Table II 
were linear over the measured concen-
tration ranges for each element with R2 
values of no less than 0.9998. Based on 
the percentage of check standard recov-
ery, we can conclude that this analytical 
method is able to analyze all elements 
of interest without significant mass in-
terferences. Noticeably, the spike recov-
ery (%) of 56Fe shown in Table IV was 
lower than other elements in both cell 
lines. He mode with a collision cell was 
performed in Fe analysis with the intent 
to eliminate 40Ar16O+ and other poly-
atomic interferences. However, there are 
other potential sources of interference 
including adjacent elements such as Mg 
and Cu. These potential interferences 
may have contributed to the low spike 
recovery for Fe. Furthermore, high-
density polyethylene (HDPE) centri-
fuge tubes that contained samples may 
introduce leachable trace elements dur-
ing a typical storage period (8). Another 
possible reason for low spike recovery 
of 56Fe could be high salt and carbon 
effects. As observed in the semiquanti-
tative-mode results, significantly high 
amounts of 23Na, 24Mg, 31P, and 34S 
were observed in both cell lines. The 
high concentrations of those elements 
increase noise levels in the measure-
ment environment, which presents 
increased difficulty for discernment 
of the 56Fe signal. To reduce potential 
matrix effects in cell culture media of 
future studies, 0.01% Triton X-100 or 

0.01% NaCl solution can be added to 
the diluent.

Noticeably, 24Mg concentration in-
creased from log phase to stationary 
phase in cell line 1. On the contrary, 
24Mg concentration in cell line 2 de-
creased from log phase to stationary 
phase. This difference may result from 
metabolic pathways unique to each cell 
line, which produces differing Mg up-
take in facilitation of their metabolism. 
In addition, 77Se concentration in both 
cell lines was decreased in relation to 
cell growth, whereas much more sig-
nificant uptake of 77Se was observed in 
cell line 2. Previous publications about 
Se (9) have reported an effect of Se on 
cell cycle and apoptosis. Therefore, a 
higher requirement of Se in cell line 2 
may have a larger effect on cell viability 
and longevity, which correlates quite 
closely with product titer.

Conclusion  
We have demonstrated that a dilute-
and-shoot method combined with 
quadrupole ICP-MS is suitable to ac-
curately analyze Mg, Cr, Mn, Fe, Co, 
Ni, Cu, As, Se, Mo, Sb, Ba, Tl, and 
Pb in two industrial cell lines using 
low sample volumes. The minimal 
required volume may be as low as 
100 μL for each sample prep, which is 
significant for industrial researchers 
because it preserves precious sample. 
This method demonstrated the capa-
bilities of ICP-MS and its functional-
ity of analyzing trace-level elements 
simultaneously in two typical indus-
trial cell lines. This assay has the po-
tential to significantly accelerate the 
optimization of upstream processes in 
the biopharmaceutical industry and 
increase analytical testing efficiency. 

Continued on page 34
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T he semiconductor industry pro-
vides one of the most demanding 
application areas for inductively 

coupled plasma–mass spectrometry 
(ICP-MS) with regard to the detection 
capability requirements. Consumer 
demand for smaller electronic devices 
and more compact integrated circuits 
has resulted not only in the need for 
lower trace metal contamination lev-
els on the surface of silicon wafers, 
but also in the high-purity chemicals 
and gases used in various stages of the 

semiconductor manufacturing pro-
cess. To reduce costs and increase yield, 
chip manufacturers are making larger 
diameter wafers with ever smaller 
chip components. This trend, which 
is being driven by initiatives like the 
International Technology Roadmap 
for Semiconductors (ITRS) (1), is set-
ting the course for the next generation 
of semiconductor devices and has re-
sulted in requirements for lower and 
lower trace-element contamination 
levels in all semiconductor-related 

Optimized ICP-MS Analysis 
of Elemental Impurities 
in Semiconductor-Grade 
Hydrochloric Acid
This article focuses on the use of a cell-based inductively coupled plasma–
mass spectrometry (ICP-MS) approach that utilizes ion–molecule chemistry 
to reduce many of the traditional spectral interferences seen in the analysis 
of high-purity hydrochloric acid used in manufacturing integrated circuits 
and semiconductor devices. In addition, a solid-state radio frequency (RF) 
generator allows the use of lower powers to reduce formation of argon-
based polyatomic interferences while still maintaining strong ionization 
conditions. The combination of controlled gas-phase reaction chemistry 
with the unique RF generator results in the elimination or significant 
reduction of many of the problematic chloride-, water-, and argon-based 
polyatomic spectral interferences, allowing the determination of a suite of 
43 ultratrace elements in semiconductor-grade hydrochloric acid by fol-
lowing the validated analytical protocols described in the Semiconductor 
Equipment Manufacturers International (SEMI) Tier C guidelines. 
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materials. Whereas 20 years ago the 
Semiconductor Equipment Manufac-
turers International (SEMI) organiza-
tion deemed that 10-ppb (μg/L) purity 
levels were adequate for many of the 
process chemicals, today Tier C levels 
of 100 ppt (ng/L) are typical—and for 
some of the more critical chemicals, 
10-ppt (ng/L) levels are required (2). 

Tier C refers to third-generation 
guidelines generated by the SEMI 
North American Process Chemicals 
Committee and published in its Book 

of Semiconductor Standards (BOSS) (3). 
The guidelines are intended to describe 
the quality required to produce inte-
grated circuits whose critical dimen-
sions lie in the range of 0.09–0.2 μm. 
Hydrochloric acid (HCl) is currently 
in the BOSS at the Tier C guideline 
level, meaning that the maximum 
contaminant level of 18 elemental 
impurities should each be less than 
100 ppt (ng/L) in the process chemi-
cal. On completion and approval of the 
validated analytical method described 
in the guideline, it will meet the SEMI 
Grade 4 Standard (4).

Discussion
Traditionally, ICP-MS has been the 
technique of choice for ultratrace-
element determinations in many of 
the high-purity chemicals used in the 
semiconductor and electronics in-
dustries. However, to get to the next 
required purity level of 10 ppt (ng/L) 
and beyond, conventional ICP-MS has 
shown that it does not have the detec-
tion capability for the full suite of trace 
metals—even with the use of spectral 
background reduction techniques like 
cool or cold plasma conditions and 
collision-cell technology. To achieve 
the next required analytical levels, a 

cell-based ICP-MS approach capable 
of using pure, highly reactive gases 
to produce targeted, controlled reac-
tions to eliminate argon-, matrix-, and 
solvent-based spectral interferences is 
required. When combined with opti-
mized plasma conditions, detection 
limits can be dramatically lowered for 
many of the semiconductor elements. 

It is well-recognized that the abil-
ity to control ion–molecule chemis-
try in cell-based ICP-MS is essential 
when using the highly reactive gases 
required for maximum removal of 
atomic and polyatomic spectral in-
terferences to meet the SEMI Tier C 
levels and beyond (5,6). For example, 
consider the analysis of hydrochloric 
acid, which requires the removal of 
the chloride-based interferences such 
as oxygen-chloride (16O35Cl+) on va-
nadium at m/z 51 and argon-chloride 
(40Ar35Cl+) on arsenic at mass 75. In ad-
dition, other prominent interferences 
include argon-oxide (40Ar16O+) on iron 
at mass 56 and chlorine-hydroxide 
(35Cl16OH+) on chromium at m/z 52. 
Pure ammonia is the most effective 
gas for removing 16O35Cl+, 40Ar16O+, 
and 35Cl16OH+ while allowing for 
low-parts-per-trillion (nanograms-
per-liter) determinations of vanadium, 
iron, and chromium (7), limited only 
by levels of contamination. Oxygen has 
proven most effective for the determi-
nation of arsenic in hydrochloric acid 
by reacting with 75As+ to form 75As16O+ 
at m/z 91, where it is measured inter-
ference-free, away from the 35Cl40Ar+, 
which does not react. 

In addition, the use of cold plasma 
conditions has been very effective at 
reducing the number of argon ions 
formed in the plasma, which mini-
mizes the formation of argon-based 
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species such as 40Ar+ and 38ArH+ and 
facilitates the determination of ele-
ments like 40Ca+ and 39K+ (8). Even 
though cold plasma has been used for 
many years, it has several limitations, 
including the ability to deal with real-
world matrices such as concentrated 
mineral acids, susceptibility to matrix 
suppression effects, and the inability 
to switch rapidly between cold and 
normal plasma conditions during a 
multielement analysis. 

However, advances in solid-state 
free-running radio frequency (RF) gen-
erators have enhanced the capability of 
ICP-MS to analyze real-world samples 
using cold and normal plasma condi-
tions (9). The combination of pure, 
highly reactive gases in a controlled 
reaction environment with cold plasma 
conditions provides the most efficient 
reduction of polyatomic interferences, 
allowing ultratrace levels to be accu-
rately measured. Table I shows chlo-
ride-, water-, and argon-based spectral 
interferences, which can potentially 
interfere with a suite of analyte masses 
during the analysis of hydrochloric 
acid, together with the optimum reac-
tion gas and plasma conditions. 

Investigation
The goal of this investigation was 
to meet or exceed the SEMI Tier C 
guideline levels for the analysis of 
semiconductor-grade hydrochloric 
acid. This guideline states that spike 
additions made at 50% of the proposed 
specification level (100 ppt in 37% HCl) 
must have recoveries within 75–125% 
of the expected value. To evaluate the 
long-term stability, a 10-h run was per-
formed monitoring a solution of 20% 
HCl spiked with 50 ppt of all elements.

Experimental
Samples and Sample Preparation

In semiconductor plants, high-purity 
HCl (35–38%) is most commonly used 
as an etchant in the chip fabrication 
process. One of the main requirements 
is that it must contain extremely low 
levels of elemental impurities so the 
etching process does not deposit el-
emental contaminants on the surface 
of the wafer or chip. To analyze high-
purity HCl by ICP-MS, it is typically 
diluted twofold with ultrapure deion-
ized water before aspiration into the 
instrument. To eliminate potential 
contamination from dilution, ultra-

Table I: Spectral interferences observed in the analysis of hydrochloric acid by ICP-MS

Analyte
Mass/Charge 

(m/z)
Interferences

Optimum 

Reaction Gas
Plasma Conditions

K 39 38ArH+ NH3 Cold

Ca 40 40Ar+ NH3 Cold

V 51 35Cl16O+ NH3 Normal

Cr 52, 53 35Cl16OH+, 37Cl16O+ NH3 Cold

Fe 56 40Ar16O+ NH3 Cold

Ga 69, 71 35Cl16O2H2
+, 37Cl16O2H2

+ NH3 Cold

Ge 70, 72, 74 35Cl2
+, 35Cl37Cl+, 37Cl2

+ NH3 Normal

As 75 40Ar35Cl+ O2 Normal

Se 77, 80 40Ar37Cl+, 40Ar40Ar+ O2 Normal
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pure 20% HCl (Tamapure-AA-10, 
Moses Lake Industries) was used in 
this work and analyzed directly with-
out dilution. Calibration standards (10, 
20, and 40 ng/L) were made from 10-
mg/L multielement stock solutions via 
serial dilution, with the final standards 
being prepared in 20% HCl. Spikes of 
10 and 25 ppt in the 20% HCl were 
used to evaluate recovery. Although 
the 25-ppt spike meets the SEMI Tier 
C guidelines, the 10-ppt spike was 

also measured to evaluate the analyti-
cal methodology with an eye toward 
future SEMI requirements.

Instrumental Conditions

All analyses were performed on a 
NexION 2000 S ICP-MS system (10) 
(PerkinElmer, Inc.) using the instru-
mental parameters shown in Table II.

Analyses were accomplished with 
a combination of reaction (with NH3 

and O2) and standard modes (no 
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Figure 1: Signal intensities at mass 51 as a function of RPq for 10% HCl (blue) and 
10% HCl + 1 μg/L V (red).

Table II: ICP-MS instrumental operating conditions used in this study

Component/Parameter Type/Value

Nebulizer PFA-ST with 0.5 mm id tubing 

Sample uptake rate 0.4 mL/min

Spray chamber SiLQ quartz cyclonic in PC3x 

Spray chamber temperature 2 °C 

Torch/injector SiLQ one piece, with 2.0 mm id 

RF power 1600 W (normal), 600 W (cold) 

Cones Platinum

Integration time 1 s/isotope 

Reaction gases Ammonia (100%), oxygen (100%)
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cell gas), using either normal plasma 
(1600  W) or cold plasma (600  W) 
conditions for the 43-analyte multi-
element method. To maximize the 
effectiveness of reaction mode, 100% 
ammonia and 100% oxygen were used 
in two different ways: Ammonia ef-
fectively removed interferences at the 
analytical mass, and oxygen was used 
to shift the analyte to a new analytical 
mass. The latter approach was found 
to be most effective for the measure-
ment of arsenic and selenium. Table sI 
(available online) displays the method 
parameters for all 43 analytes.

Results 
Interference Reduction 

Strategies Using Reaction Mode

It is important to emphasize that the 
effects of interferences were removed 
in reaction mode in two different ways:
• removing the interference at the 

analytical mass, and 
• shifting the analyte to a new mass 

away from the interference. 

An example of removing the inter-
ference at the analytical mass is the 
removal of the 35Cl16O+ on V+ at mass 
51. Although ammonia reacts rapidly 
with 35Cl16O+ to remove it, the reac-
tion is driven to completion by using 
100% ammonia in the cell. In addition, 
because the reaction cell incorporates 
a quadrupole, the RF-only parameter 
(RPq) acts as a low mass filter to control 
the chemistry and prevent the formation 
of new interferences, which is critical 
when using highly reactive gases. This is 
particularly important in removing the 
35Cl16O+ interference since one of the 
intermediate products is 35Cl+, which 
reacts with NH3 gas to form 35Cl14NH2

+ 
at mass 51. However, because the RPq 
parameter serves as a low mass filter, it 
can be set to make 35Cl+ unstable in the 
cell, which prevents the formation of 
35Cl14NH2

+ and allows 51V+ to be mea-
sured free of interferences.

This functionality is demonstrated 
in Figure 1, which shows the optimiza-
tion of the RPq parameter for 1 μg/L 
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Figure 2: Conversion of 75As+ to 75As16O+ as a function of oxygen flow in 1% HNO3.
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V in 10% HCl. As the RPq param-
eter increases to 0.7, the background 
decreases sharply, which represents 
where 35Cl+ is no longer stable in the 
cell (blue plot). As a result, 35Cl+ is 
ejected from the cell, meaning that the 
reaction to 35Cl14NH2

+ can no longer 
occur, resulting in interference-free 
analysis of V+ at mass 51 (red). 

The second method of dealing with 
interferences is using reaction chemis-
try in mass-shift mode where the ana-
lyte reacts with the reaction gas moving 
it to a new analytical mass. An example 
of this approach is the analysis of arse-
nic (As), which reacts rapidly with oxy-
gen to form 75As16O+ at mass 91, away 
from the 40Ar35Cl+ interference at mass 
75. Because 40Ar35Cl+ does not react 
with oxygen (O2), 

75As16O+ is measured 
free of interferences. Figure 2 shows 
the conversion of 75As+ to 75As16O+ as a 
function of oxygen flow. As the O2 flow 
increases, the signal for 75As+ decreases 
(blue plot), while the signal for 75As16O+ 
increases (red plot), demonstrating 
complete conversion. 

One of the concerns of measuring 
75As16O+ at mass 91 is that the pres-
ence of zirconium (91Zr+) in a sample 
may produce a false positive reading. 
However, because 91Zr+ reacts rapidly 
with oxygen (rate constant ≈ 10-10), it 
is removed from m/z 91 as 75As16O+ 
forms, allowing for interference-free 
measurement of 75As16O+ even if Zr is 
present at the same concentration as 
As, as shown in Figure 3. In this figure, 
mass 91 is monitored as a function of 
oxygen flow for a 1-μg/L Zr standard 
(blue) and a mixed standard contain-
ing 1 μg/L Zr + 1 μg/L As.

Detection Capability Performance 

To assess the effectiveness of interfer-
ence removal, method detection limits 
(MDLs) and background equivalent 
concentrations (BECs) were deter-
mined in 20% HCl using a 1-s integra-
tion time. The MDLs (analyte signal 
and background noise) were calcu-
lated by multiplying the standard de-
viation of the blank (10 analyses) by 
three, and the BECs (analyte signal 
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Figure 3: Signals at mass 91 as a function of oxygen flow rate for 1 μg/L Zr (blue) 
and 1 μg/L Zr + 1 μg/L As (red).
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and background signal) were deter-
mined by measuring the background 
concentrations of the blank at each 
analyte mass. A spike recovery test 
was carried out based on SEMI Tier C 
guidelines, but using a lower spike level 
of 10 ppt (ng/L), Table sII (available on-
line) shows both the MDLs and BECs 
for all elements, as well as the 10-ppt 
(ng/L) spike recoveries. The majority of 
MDLs and BECs are less than 1 ng/L, 
demonstrating the effectiveness of 
using both controlled reaction chem-
istry and cold plasma conditions. All 
spike recoveries fall within 10% of the 
true values, showing the accuracy of 
low-level measurements. 

Calibration 

Calibration curves were established 
with 10-, 20-, and 40-ng/L (ppt) stan-
dards using the method of standard ad-
ditions. All curves had regression val-
ues of >0.999, demonstrating both the 
linearity of the analysis and the ability 

to accurately measure at low concentra-
tions. Figure s1 (available online) shows 
three calibration curves, which high-
light the effectiveness of the interference 
reduction: calibration curves for 40Ca+ 
and 56Fe+ were acquired using ammo-
nia as the reaction gas and cold plasma 
conditions, demonstrating the ability 
to remove significant plasma-based in-
terferences (40Ar+, 40Ar16O+). 51V+ was 
acquired with ammonia and normal 
plasma conditions, exemplifying how 
effectively a significant chloride inter-
ference (35Cl16O+) can be removed. The 
accuracy of low-level measurements 
was then verified by measuring the re-
coveries of 10-ng/L (ppt) spiked addi-
tions in 20% HCl, which are all within 
10% of the true value. 

With the ability to remove interfer-
ences and quantitative accuracy estab-
lished, the stability of the methodology 
was evaluated by measuring a 50-ng/L 
(ppt) spike in 20% HCl over 10 h of con-
tinuous aspiration. The results shown 
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in Figure 4 demonstrate the stability 
for all 43 elements when using a mixed-
mode method consisting of standard 
(no cell gas) and reaction (NH3/O2) 
modes with both normal and cold 
plasma conditions. These data show 
that for every element the drift of the 
signal is less than 10% from the initial 
reading, while the RSDs over the 10 h 
are less than 3% for all elements.

Supplementary 
Information Online  
Tables sI and sII as well as Figure s1 
are available online in a supplemen-
tary information section. Please visit 
www.spectroscopyonline.com/supple-
mentary-information-optimized-icp-
ms-analysis-elemental-impurities-
semiconductor-grade-hydroch to view 
that content.

Conclusion  
This study has demonstrated the abil-
ity of the methodology used in this in-
vestigation to perform the elemental 
analysis of 20% HCl at SEMI Tier C 
guideline levels and beyond, without 
the need for dilution. The combina-
tion of fast switching between hot and 
cold plasma together with reaction 
cell technology using 100% ammonia 
and oxygen led to the elimination of 
spectral interferences on many of these 
elements. This capability allows for 
sub-part-per-trillion detection limits, 
excellent spike recoveries and accu-
rate quantitation at the 100-ppt Tier 
C guideline level while offering the 
kind of long-term stability required 
by a high-throughput semiconductor 
production laboratory. In addition, 
the data show that quantitation at the 
SEMI Tier D guideline level (proposed 
Grade 5) of 10 ppt can be achieved. 
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Nanomaterials are increasingly 
used in industrial processes, 
manufactured goods, medicines, 

and as ingredients in consumer prod-
ucts such as cosmetics, sunscreen, and 
food. The measurement of nanopar-
ticles (NPs) is a subject of interest be-
cause the fate of NPs in the environ-
ment and the potential for toxic effects 

once absorbed into biological systems 
are not yet well understood.

Some of the most common types of 
NPs are difficult to measure accurately 
using conventional single-quadrupole 
inductively coupled plasma–mass spec-
trometry (ICP-MS). Such instruments 
often cannot achieve the combination 
of high sensitivity and low background 

Accurate Measurement of 
Ultrafine Silica Nanoparticles 
Using ICP-MS/MS
Silica (SiO2) nanoparticles (NPs) are widely used in industry, manufac-
tured goods, and consumer products, such as food additives. However, 
there are several significant challenges associated with the measurement 
of silicon by inductively coupled plasma–mass spectrometry (ICP-MS). 
First, silicon has a moderately high first ionization potential (8.152 eV), 
which means it is less than 70% ionized in a typical argon plasma, so 
the sensitivity is significantly lower than for a fully ionized element. In 
addition, background polyatomic ions affect all three silicon isotopes, 28Si, 
29Si, and 30Si, with the most intense interferences (14N2

+ and 12C16O+) 
occurring on the major 28Si isotope. Finally, silicon-based materials are 
widely used in manufactured goods and industrial materials ranging from 
glass, alloys, and air and water filters to organic compounds such as sili-
cone tubing, sealants, adhesives, lubricants, and coatings. Consequently, 
maintaining a low background for silicon in the analytical laboratory can 
be highly problematic. When characterizing silica in nanoparticle form, 
the analysis is especially difficult. In this article, we describe a method to 
measure ultrafine silica nanoparticles using ICP–tandem MS (ICP-MS/MS) 
to control the elemental and polyatomic ion backgrounds. The method 
provides high sensitivity to ensure accurate analysis at the small (~50 nm) 
particle sizes of interest in environmental and biological applications.

Ed McCurdy, Michiko Yamanaka, and Steve Wilbur
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that is required to allow the signal 
generated from a small particle to be 
distinguished from the background. 
Much of the work reported thus far has 
concentrated on particles that contain 
elements such as zirconium, silver, and 
gold (1,2), which are relatively easy to 
measure by ICP-MS. However, many 
of the natural and engineered NPs of 
interest are composed of elements that 
are much more difficult to measure by 
ICP-MS—for example, iron, sulfur, ti-
tanium, and silicon.

Nanostructured synthetic amor-
phous silica (SAS) is one of the most 
commonly used nanomaterials. It is an 
authorized food additive (E-551) and 
is also found in a wide variety of in-
dustrial and consumer products from 
polymers, composites, paints, and 
textiles to toothpastes, detergents, and 
cosmetics. Silica NPs also have great 
potential for a variety of other uses, in-
cluding silica aerogels as thermal and 
electrical insulators, and imaging and 
therapeutic applications in medicine 
(3). Reliable analytical methods are 
needed to allow monitoring of com-
pliance with upcoming regulations (4) 
and for the assessment of nano-safety 
(5). However, Si measurement by ICP-
MS is not easy because of the combi-
nation of relatively low sensitivity and 
high spectral background. Silicon is 
only about 70% ionized and the major 
isotope (28Si – 92.23% abundance) is 
interfered by the intense background 
polyatomic ions CO+ and N2

+. These 
limitations mean that conventional 
single-quadrupole ICP-MS is unable 
to detect silica particles with diameters 
smaller than about 200 nm (6). This 
capability is not sufficient for char-
acterization of the nanoscale particle 
sizes of interest in emerging applica-

tions and for regulatory requirements; 
the accepted definition of a nanomate-
rial is one with major dimensions of 
100 nm or less (7).

The interferences on Si+ can be re-
solved using a reactive cell gas such as 
hydrogen (H2) or ammonia (NH3) in 
the collision–reaction cell (CRC) of an 
ICP-MS system. However, ion–mol-
ecule reaction chemistry can only be 
controlled effectively using a tandem 
mass spectrometer, where an addi-
tional mass filter is situated before the 
CRC of the ICP-MS system. This extra 
mass filter enables MS/MS operation, 
where nontarget ions are prevented 
from entering the cell. This approach 
ensures that reaction processes and 
the resulting reaction product ions 
are consistent, even when the sample 
composition is complex or variable. 
The general layout and performance 
capability of a triple-quadrupole con-
figuration of tandem ICP-MS is de-
scribed in the literature (8).

In this work, various sizes of SiO2 
NPs were measured by single-particle 
ICP-MS (spICP-MS), using MS/MS 
mode and H2 reaction gas on a tri-
ple-quadrupole ICP-MS system. The 
instrument software included an op-
tional single nanoparticle application 
module for method development, sig-
nal processing, and data interpretation. 
The practical applications capabilities 
of the instrument for the measure-
ment of a range of SiO2 NP sizes are 
discussed.

Experimental
Instrumentation 
An Agilent 8900 ICP-QQQ system 
(model #100, Advanced Applications 
Configuration) was used for the analysis 
of silica nanoparticles. The instrument 
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was equipped with a glass concentric 
nebulizer, a quartz spray chamber, a 
quartz torch with a 1-mm injector, and 
standard nickel sampling and skim-
mer cones. Samples were introduced 
with a standard peristaltic pump and 
pump tubing (1.02 mm i.d.). The con-
figuration of the instrument used has a 
novel argon gas delivery path that uses 
special inert materials to minimize con-
tamination of the gas supply through 
the instrument, reducing the elemental 
background for common contaminant 
elements Si and S. 28Si was measured in 
continuous fast time-resolved analysis 
(fast TRA) mode, using a dwell time of 
0.1 ms (100 μs) per point with no settling 
time between measurements. The 28Si 
signal was measured on-mass in MS/MS 
mode, with both quadrupoles (Q1 and 
Q2) set to m/z 28. Hydrogen cell gas was 
used to resolve the on-mass polyatomic 

interferences, N2 and CO. The main 
operating conditions of the instrument 
are shown in Table sI online, please 
visit www.spectroscopyonline.com/
supplementary-information-accurate-
measurement-ultrafine-silica-nanopar-
ticles-using-icp-msms.

Reference Materials 

and Sample Preparation 
SiO2 NP reference materials with 
nominal diameters of 50, 60, 100, 
and 200 nm determined by trans-
mission electron microscopy (TEM) 
were purchased from nanoComposix. 
The reference materials were diluted 
with deionized (DI) water to give 
particle concentrations of 40, 40, 100, 
and 1000 ng/L (ppt) for the 50-, 60-, 
100-, and 200-nm particles, respec-
tively. The solutions were sonicated 
for 5 min before analysis to ensure 
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sample homogeneity. To allow the el-
emental response to be calculated, a 
Si ionic standard of 5 μg/L (ppb) was 
prepared in DI water. MS/MS with H2 
cell gas should be effective in remov-
ing the CO+ interference on 28Si+, as 
well as the N2

+ polyatomic overlap. 
To check this interference removal 
capability, a SiO2 NP solution con-
taining a matrix of 1% ethanol was 
also prepared. 

Time-Resolved Signals of SiO
2
 NPs 

NPs measured using TR A with 
ICP-MS give a narrow peak or sig-
nal plume lasting around 0.5 ms for 
each particle that passes through the 
plasma; the peak signal area of each 
particle plume is proportional to the 
particle mass. The signals measured 
in DI water (without particles) and in 
solutions containing SiO2 particles 
with diameters of 50, 60, and 100 nm 
are shown in Figure 1. Fast TRA 
mode allows multiple measurements 
to be made during the signal peak 
from each individual particle. The 
shape and duration of the ion plume 
from each NP can be measured, and 
the total ion count can be converted 
to a particle mass and therefore di-
ameter (assuming spherical particles). 
The Single Nanoparticle Application 
module of the ICP-MS MassHunter 

software includes the calculations 
to convert signal intensity to particle 
diameter, along with other key pa-
rameters, such as minimum detect-
able particle size and background 
equivalent diameter. Because of the 
high sensitivity, low elemental back-
ground, and effective interference 
removal of the ICP-MS instrument 
used, the smallest (50-nm) SiO2 par-
ticles provided clear signal peaks (Fig-
ure 1b) that were easily distinguished 
above the low background signal seen 
in DI water (Figure 1a). As expected, 
the 60-nm and 100-nm particle solu-
tions gave proportionally higher sig-
nal peaks as shown in Figures 1c and 
1d, respectively.

Results
Frequency distributions were cal-
culated automatical ly by the in-
strument software from the signals 
measured for the four SiO2 nanopar-
ticle solutions shown in Figure 1; 
the frequency distribution plots are 
shown in Figure 2. The particle sig-
nals were clearly separated from the 
background caused by the dissolved  
ionic component, although the back-
ground and particle signals were 
partially overlapped for the 50-nm 
particles (shown in Figure 2b). From 
these results, we can estimate that 

Table I: Particle size and particle concentration determination for SiO2 nanoparticles

Nominal 

Size
Measured Particle Size

Reference 

Particle Size 

Obtained 

by TEM*

Prepared 

Particle 

Concentration

Measured 

Particle 

Concentration

(nm)
Median 

(nm)

Mode 

(nm)

Mean 

(nm)
(nm) (ng/L) (ng/L)

50 49 50 50 46.3 ± 3.1 40 49

60 61 62 62 57.8 ± 3.5 40 45

100 99 100 102 97.0 ± 4.8 100 92

200 200 204 200 198.5 ± 10.5 1000 956

*Certifi cate values supplied by nanoComposix
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the practical detection limit for the 
particle diameter was below 50 nm. 
The background equivalent diameter 
(BED) calculated by the instrument 
software from the 50-nm particle so-
lution was 22 nm.

The particle size distribution re-
sults for the different SiO2 NP solu-
tions are shown in Figure 3. The plots 
confirm that all the SiO2 particle 

sizes could be determined accurately, 
including the 50 nm NPs. The high 
sensitivity and low background of 
triple-quadrupole ICP-MS combined 
with the effective removal of poly-
atomic interferences in MS/MS mode 
with H2 cell gas, enabled the smaller 
NP sizes to be clearly distinguished 
from the background signal. All the 
particle size plots demonstrated a 
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Gaussian distribution, which agrees 
with the information provided by 
the supplier of the NP solutions. The 
triple-quadrupole ICP-MS results ob-
tained for median, mode, and mean 
particle sizes also agreed well with 
the reference sizes obtained by TEM 
(Table I). Also, the measured particle 
concentrations agreed well with the 
theoretical particle concentrations, 
although the concentration result for 
the 50-nm solution was slightly high 
(49 ng/L compared to an expected 
value of 40 ng/L) because of the over-
lap with the background signal.

Figure 4 shows the mean signal 
intensity measured by spICP-MS/MS 
plotted against the reference particle 
diameter determined by TEM. The 
logarithmic plot has a slope of 2.84, 
which is in good agreement with the 
theoretical cube relationship be-

tween diameter and mass indicated 
in equation 1: 

m
p
 = π ρ4

3
d

2( (
3

 [1]

Equation 1 is used to calculate particle 
mass (mp) from the diameter (d) and 
material density (ρ).

Resolving Carbon Interference 

Using MS/MS and H
2
 Cell Gas 

Real samples of interest—such as bio-
logical materials, food matrices, poly-
mers, pharmaceutical ingredients, 
and organic solvents—may contain 
a high level of carbon, which causes 
a 12C16O polyatomic ion interference 
on 28Si. Triple-quadrupole ICP-MS 
in MS/MS mode with H2 cell gas can 
eliminate this interference effectively. 
A mixed solution of the 100-nm and 
200-nm SiO2 NPs was prepared in a 
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sample containing 1% ethanol. The 
particle size distribution for this sam-
ple is shown in Figure 5. Despite the 
high concentration of carbon, the size 
distribution for each group of particle 
sizes was consistent with the result ob-
tained by TEM, and the different par-
ticle sizes were separated with excellent 
resolution. This result suggests that the 
spICP-MS/MS technique can resolve 
the carbon interference successfully, 
allowing accurate determination of 
particle sizes for SiO2 nanoparticles in 
natural sample matrices.

Conclusions 
Triple-quadrupole ICP-MS operating 
in MS/MS mode with H2 cell gas was 
used for the successful determination 

of SiO2 nanoparticles at sizes smaller 
than 100 nm. The triple-quadrupole 
ICP-MS method delivered exception-
ally low background signals and high 
sensitivity, allowing the smallest (50-
nm) SiO2 particles to be distinguished 
from the background signal. MS/MS 
operation gave effective control of 
the H2 reaction chemistry, eliminat-
ing polyatomic interferences from 
N2 and CO, even in the presence of a 
high level of carbon matrix. Dedicated 
software was used to calculate the par-
ticle sizes, providing accurate results 
for individual NP reference materials 
and mixed solutions. The spICP-MS/
MS method provided fast analysis 
times, excellent detection limits for 
particle size and concentration, and 
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accurate results for SiO2 particles less 
than 100 nm.
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