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Single virus inductively coupled plasma mass spectroscopy analysis:             

a comprehensive study. 
 

Claude Degueldre  

Engineering Department, Lancaster University, Lancaster LA1 4YW, UK 

c.degueldre@lancaster.ac.uk 

 

Abstract 

The characterisation of individual nanoparticles by single particle ICP-MS (SP-ICP-MS) has 

paved the way for the analysis of smallest biological systems. This study suggests to adapting 

this method for single viruses (SV) identification and counting. With high resolution multi-

channel sector field (MC SF) ICP-MS records in SV detection mode, the counting of master 

and key ions can allow analysis and identification of single viruses. The counting of 2-500 

virial units can be performed in 20 s. Analyses are proposed to be carried out in Ar torch for 

master ions: 12C+, 13C+, 14N+, 15N+, and key ions 31P+, 32S+, 33S+ and 34S+. All interferences are 

discussed in detail. The use of high resolution SF ICP-MS is recommended while options 

with anaerobic/aerobic atmospheres are explored to upgrade the analysis when using 

quadrupole ICP-MS. Application for two virus types (SARS-COV2 and bacteriophage T5) is 

investigated using time scan and fixed mass analysis for the selected virus ions allowing 

characterisation of the species using the N/C, P/C and S/C molar ratio’s and quantification of 

their number concentration. 

 
Keywords:  Virus identification; virus counting; SP ICP-MS; individual virus analysis; single virus 

ICP-MS.   

NEW Revised Manuscript  [Unmarked Text]
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1. Introduction  

 

Single particle inductively coupled plasma mass spectroscopy (SP ICP-MS) was first tested at 

Institute Forel, University of Geneva in 2001 and presented in 2002 at the EMRS Spring 

Meeting in a proceedings paper published by Degueldre and Favarger [1]. This method was 

later tested on gold nano- particles that are used as substrate in nano- pharmacy, and 

published subsequently i.e. Degueldre et al [2]. SP ICP-MS was also tested on dioxides e.g. 

Degueldre et al  [3,4,5]. The characterisation of individual metallic nanoparticles by ICP-MS 

analysis has been carried out by laser ablation as reviewed by Koch and Günther [6] or by so-

called single particle ICP-MS which has paved the way for the analysis of small biological 

systems like individual microscopic cells e.g. Zheng et al [7] and Corte-Rodríguez et al [8]. 

Today the challenge of very sensitive ICP-MS methods is to solve specific medical issues 

such as contaminations pathways or viruses spreading and the role of forgotten elements e.g. 

Te as pointed out by Amais et al [ 9]. This conceptual study suggests the use this method for 

single viruses (SV) ICP-MS identification and counting. Its potential is tested for two virus 

kinds: one of RNA and one of DNA type.    

 

2. Methodology 

 

To perform SV ICP-MS high dilution of the viral sample suspension is required to inject one 

virus at a time in the plasma torch, producing one flash of ions per slot time of the Mass 

Spectrometer. After atomisation/ionisation in the plasma torch the flash of ion (cloud) passes 

through the conus pin hole and is analysed in the mass spectrometer. The number of flash is 

proportional to the concentration of viruses in the sample, and the intensity of the ionic flash 

is proportional to the fraction of the element (isotope ion) present in the viral object. For 

practical reason one considers the argon (Ar) plasma torch. 
In nanomedicine virus analysis is a key issue, however current molecular analysis is usually 

time consuming. In this study for virus identification one is interested to discriminate the 

fraction of master ions (atoms from the matrix of the virus) and the fraction of key element 

(ion from a coating e.g. drug, or from a selected element e.g. specific for given amino acid or 

for the viral RNA or DNA). In the case of a given virus, for example, SV ICP-MS shall 

require the selection of one (or two) master ion(s) and of 2 key ions to identify them and 

quantify their fraction in the virus ‘body’.  

In ICP-MS analyses the introduced sample is largely ionized in the plasma followed by a 

separation of the ions by their mass-to-charge ratio. A resulting ion beam is then quantified 

via calibration of the associated signal intensities. Usually the argon plasma is operated under 

atmospheric conditions and the analytes are transported there either in acidified (or basic) 

aqueous solution or in organic solvents, the most abundant elements in the plasma next to Ar 

are H, O, N, and C. To reduce contamination (C,N,O) the torch is placed in argon atmosphere.  
Table 1 provides standards experimental conditions to perform SP ICPMS analysis.  
 

Table 1 Typical Instrument and operating conditions for ICP-MS  
Radio frequency applied power  (kW) 1.4 

Plasma gas flow rate  (L min-1) 18.0 

Nebulizer gas flow rate qneb / (L min-1) 1.0 

Auxiliary gas flow rate / (L min-1) 1.8 

Sheath gas flow rate / (L min-1) 0.13 

Sampling depth / (mm) 5.5 

Ultra pure water flow rate (mL min-1) 200 

Sample injection flow rate (mL min-1)  0.20  

Replicates per sample 5 

Spray chamber temperature / (ºC) 2 

Mass-to-charge ratio (m/z) master ions 12, 13, 14, 15,  
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Mass-to-charge ratio (m/z) key ions 31, 32, 34,  

Scan mode  Time 

Acquisition mode Multi-channel, fixed masses, time-scan 

Since the quadrupoles can be tuned to select for different masses, they are ideally suited for 

the interferences. The first mass filter is then set to the analyte plus its interference, e.g. m/z 

32 for sulphur, after the reaction cell e.g. A+1 with H of H2 and A+16 with O of O2. 

A little intensity is lost through the process, but the gain is worth the loss: interference being 

drastically lowered, the collision/reaction cell's performance is at its best level. The 

advantages and disadvantages of ICP-MS is its very large range of analysis, however SV ICP-

MS remains a non-species selective analysis.  

On the other hand, in a known matrix with a known analyte, a very accurate quantitation can 

be performed by the mean of a conversion factor for calculation of the species of interest. If a 

soluble or gaseous interferes in the scan signal (background), it can be reduced by dilution in 

the stream of pure water used in SV mode. The advantage of this method is the principle of 

analysis itself that gets rid of organic compounds that could interfere in other types of 

measurements by a digestion step (solid samples) and/or directly by the subsequent plasma 

ionization.  

Multi-Channel (MC) ICP-MS allows, compared to simple quadrupole ICPMS, a finer analysis 

due to the addition of a supplementary quadrupole to the system before the collision / reaction 

cell. This addition acts as a supplementary mass filtering unit thus removing more of the 

interferences. Use of a sector field (SF) improves also widely the technique (better resolution, 

multi -channel analysis). 

Since today’s sector field MC ICP-MS (see Fig. 1) can detect some atoms (say 5-20 ions per 

ion flash and per channel) the potential of this technique is impressive. However, a full 

analysis of the potential interfering ions is mandatory. 

Fig. 1: Single Virus Multi-Channel Inductively Coupled Plasma Mass Spectrometry SV MC 

ICP MS adapted for master ions and key ions analysis. Note the dilution factor used when 

injecting the sample (syringe) in the stream of pure water, see Degueldre and Favarger (2003). 

 

 

2.1 Virus master ion analysis   

 

The virus major ions are those ions from the main elements of the virus in the membrane, S-

protein, lipid layers, capsid as well as in the nucleic (RNA or DNA) core. These elements are 

H, C, N and O. For the mass spectrometer of the ICP-MS, ion isotopes detected shall be 12C+, 
13C+, 14N+, 15N+. They are reported in Table 2 with their potential interferences in the Ar 

plasma. H and O isotopes are not considered because they are due to water itself from the 

solution and from the hydration of the viral object. Note that the dissolved (and the low 

molecular suspension) molecules appear in the MS reading as a continuum and that the SV 

and SP signals are ion peaks. Interferences on AX+ are easy to sort out; they are [A/2X’2]
+, 

[1HA-1X’]+ , [1H2
A-2X’]+ , nAX’n+, where X’ is the interfering element isotope of mass derived 

from A. Potential interferences are reported in Table 2. Their masses give their potential of 

interference on the mass scale and their abundances guide the overlapping effect they may 

have in the intensity scale. 
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2.1.1 Measuring carbon 

 

For 12C+ the interferences (given in Table 2) may be: [6Li2]
+, [1H11B]+, 24Mg2+and 48Ti4+, 

however these elements may be absents or very diluted in the suspension. Only 36Ar3+ could 

interfere, however its abundancy is 0.337% in Ar reducing its impact and its triple ionisation 

may be avoided at lower plasma temperature which are usually several orders of magnitude 

greater than the temperature of the neutral species, see Shun'ko et al [10]. With a mass 

difference of 0.007 24Mg2+ may interfere with 12C+, however, dilution is possible when Mg is 

soluble. Otherwise the reaction cell described below for 13C+ is applicable.   
 

For 13C+ the interferences (given in Table 2) may be: [1H12C]+, [2H11B]+, 26Mg2+ and 39K3+. 

The solution must be exempted of B, Mg and K. If one of these ions interferes as soluble it 

may be further diluted to reduce the background without affecting the height of the single 

particle peaks. Decreasing slightly the flow rate of the aerosol gas from that which yields 

maximum signal eliminates this 12C1H+ interference as reported by Luong and Houk [11]. 

Additional information is given in Table 2. Clearly with a mass difference of 0.005 [1H12C]+   

may interfere with 13C+. For oxide-forming analytes, this can be achieved elegantly in a 

reaction cell by the means of oxygen. This interference may be avoided by forming 13C16O+ 

using the reaction:   
13C+ + 16O2 → 13C16O+ + 16O    

Actually, the formation of 28Si+ from the quartz vessel may interfere on 12C16O+ as well as the 

formation of 30Si+ (low abundance) could interfere on [1H13C16O]+  (low probability of 

formation). Consequently the use of SF ICP-MS may be suggested. 

 

2.1.2 Measuring nitrogen 

 

For 14N+ the interferences may be: [7Li2]
+, [2H12C]+ and 28Si2+. Basically lithium should be in 

the soluble phase and dilution shall reduce the effect, 1H2
12C may be originating from the 

soluble and particulate (virus) phase and Si could also be part of the soluble phase (soluble 

SiO2 or silicates) or from the particle phase e.g. quartz fragments or from the torch. Ultra-

traces of N2 in the carrier gas is also an issue (see discussion). Details are given in Table 2.    

 

For 15N+ the interferences may be: [1H14N]+, 30Si2+ and 60Ni4+. Basically HN may be 

originating from the soluble and particulate (virus) phase and Si could also be part of the 

soluble phase (soluble SiO2 or silicates) or from the particle phase e.g. quartz fragments from 

the nebuliser/torch vessel. Details are given in Table 2. Here the mass differences (N+ and 

interference) are larger than 0.008 and the use of high resolution MS is suggested. 

 

https://www.sciencedirect.com/topics/chemistry/aerosol
https://www.sciencedirect.com/science/article/pii/S1044030503000035#!
https://www.sciencedirect.com/science/article/pii/S1044030503000035#!
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Table 2:  Master ion isotopes and their interferences considered for the SV ICP-MS analysis. 

Molecular mass M(A[X]+) of A[X]+   and its abundance: Abd.     

Isotope AX M(A[X]+) Abd (%) Interference  M(A[YZ]+), M(nA[Y]n+)  Abd (%) 
12C 11.99945 98.900 [1H11B]+,         12.01659 

24Mg2+,            11.99252 
36Ar3+,             11.98863 
48Ti4+,             11.98644 

80.09 
62.39 
00.337 
73.8 

13C 13.00280 01.100 [1H12C]+,         13.00728 
26Mg2+,            12.99075 
39K3+,              12.98735 

98.885 
11.01 
93.258 

14N 14.00252 99.634 [1H13C]+,         14.01008 
 28Si2+,             13.98702 

01.998 
92.23 

15N 14.99956 00.366 [1H14N]+ ,        15,01063 
 30Si2+,             14.98634 
60Ni4+,             59.930785 

99.619 
03.10 

26.223 

 

All these interferences may also be avoided using high resolution MS. 

 

2.2 Virus key ion analysis 

 

The virus key ions are those from these elements that characterise its properties and 

functionalities. Phosphorus is an integral part of the nucleotides and thus of all fragments of 

DNA and RNA, so it can be used to quantify such macromolecules. Sulphur is present in 

large molecules, either as active groups, e.g. in thiols, or within the normal structure of 

specific amino acids. In SV analysis it is consequently essential to quantify the elemental 

fractions of these elements. 

 

The key ion isotopes are subject like major element to interferences. The more relevant 

isobaric interferences are given in Table 3. Interferences on AX+ are easy to evaluate; these are 

[A/2X’2]
+, [1HA-1X’]+, [1H2

A-2X’]+, nAX’n+, but also [16OA-16X’]+ and [16O2
A-32X’]+.   

 

The low mass-range of the ICP-MS is very "crowded" by [NO]+, [O2]
+, [CO]+, varying in 

their mass by the combination and abundance of their respective fractions. For example, 

[16O2]
+ with the mass 32 is very common, and while [15O2]

+ with 30 is much less abundant, 

[14N16O]+ also contributes at this mass. In case the mass of interest is affected by such 

polyatomic interferences, an effective way to solve the interference is needed. The solution is 

to work in a He atmosphere surrounding the Ar torch system avoiding the N2, O2 and CO2 

contamination of the system. Some of these cluster ions may interfere with the measured key 

ions 31P+, 32S+ and 33S+. 

 

2.2.1 Measuring phosphorus 
 

Phosphorus is a mono-isotopic element of mass 30.97 amu. For a mass-based analytical 

technique like ICP-MS, this means that only the one isotope (31P) can be selected to quantify 

phosphorus. For 31P+ the interferences are given in Table 3.  

 

The phosphorus analysis by ICP-MS is somewhat limited by a weak detection limit, as 

reviewed by Martínez-Sierra, et al [12]. Since their detection limit is weak in current argon 

plasma troch a variant is mandatory. Measuring option is to use the ICP-MS - O2 reaction cell 

to analyse phosphorus. 

https://www.sciencedirect.com/science/article/abs/pii/S0584854715000907#!
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For phosphorus, which receives strong interference from multiple ions (like [15N16O]+, 

[1H14N16O]+, [13C18O]+, ...) or 62Ni2+ see Table 3, a solution may be a mass shift from 31 to 47 

amu with: 
31P+ + 16O2 → [31P16O]+ + 16O 

For the interfering species, mass remains 31 amu: 

[15N16O]+ + O2 → no reaction 

However, it must be kept in mind that although the analyte can then be analyzed at a mass 

different to its interfering species, the mass it is shifted to could be already be "occupied" by 

other analytes also present in the sample, e.g. 47Ti in the case of [31P16O]+. In such cases, with 

a normal single quadrupole ICP-MS system, one would end up with the same problem, just at 

another mass. 

Interferences may also be avoided using high resolution MS. 

 

2.2.2 Measuring sulphur 

 

The phosphorus and sulfur analysis by ICP-MS is somewhat limited by a weak detection 

limit, as reviewed by Martínez-Sierra, et al [12].  A method for the analysis on-line of 

species-specific sulfur isotopes by means of multi-collector ICP-mass spectrometry has been 

proposed by Faßbender, et al [13]. Since their detection limit is weak in current argon plasma 

troch a variant is mandatory. Measuring option is to use the ICP-MS – O2 reaction cell to 

analyse sulphur. 

 

For sulphur, three naturally stable isotopes (32S, 33S, 34S) are found with an abundance of 

approximately 95% for 32S. For the determination of trace concentrations, the only reasonable 

isotope is offered by 32S. Their high resolution mass spectra are presented Fig 2. For sulfur, 

which receives strong interference from the ion [16O2]
+ as well as [1H31P]+, 64Zn2+, 96Mo3+, 

and 64Ni2+ (the later if Zn, Mo or Ni (cone) are present) a mass shift from 32 to 48 amu is 

suggested using a reaction cell: 
32S+ + 16O2 → 32S16O+ + 16O 

While the interfering ion mass remains 32 amu for 16O2. 

However, it must be kept in mind that although the analyte can then be analyzed at a mass 

different to its interfering species, the mass it is shifted to could be already be "occupied" by 

other analytes also present in the sample, e.g. 48Ti+ in the case of [32S16O]+. In such cases, with 

a normal single quadrupole ICP-MS system, one would end up with the same problem, just at 

another mass. Interferences may also be avoided using high resolution MS. 

https://www.sciencedirect.com/science/article/abs/pii/S0584854715000907#!
javascript:;
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Table 3:  Key ion isotopes considered for the SV ICP-MS analysis. Molecular mass M(A[X]+) 

of A[X]+   and its abundance Abd. 

Isotope AX M(A[X]+) Abd (%) Interference   M(A[YZ]+), M(2A[Y]2+) Abd (%) 
31P 30.97321 100.000  [15N16O]+         30.9945 

[1H14N16O]+    31.0091 
[13C18O]+           31.0026 
62Ni2+             30.9642 

00.365 
99.382 
00.022 

03.634 
32S 31.97152 95.02 [1H31P]+,       31.98104 

64Zn2+,          31.96402 
[16O2]+                31.98927 
64Ni2+            31.9640 

99.985 
48.60 
99.525 

00.926 
33S 32.97091  0.75 [1H32S]+            32.97935 95.006 
34S 33.96732  4.21 [16O18O]+         33.99352 00.199 

 

 

Fig. 2: Discriminating AS+ and their interferences by HR MC ICPMS Ref. Martínez-Sierra, et al [30]. 

 
 
Un-labelled virus identification may consequently be done by measuring master ions and the 

key ions. The first give a weight of carbon, nitrogen and oxygen and could be used to derive a 

total mass (in Da) of the virus, on the basis of calibration. The oxygen data may be affected 

by the virus hydration grade. The key ion data allow by deduction identification of the virus 

based on its functionalities derived from specific amino acids present in the virus. In all case 

the concentration of the virus (in number per mL) can be deduced.  

3. Application and discussion 
 

3.1 Application of the single particle methodology 

 

Single particle inductively coupled plasma mass spectrometry (SP-ICP-MS) offers unique 

features for the detection of particles, as well as for their quantification and size 

characterization. The detection capabilities of SP-ICP-MS are therefore not only limited to the 

concentration domains (of particles and dissolved related species), but also to the mass of 

element per particle and particle size domains as reported by Degueldre & Faverger (2003) 

and confirmed by Laborda et al [14]. Discrimination and detection of particle events, based 

on the use of robust limits of decision and the estimation of the limits of detection in the 

different domains, require standardized metrological approaches that have not been clearly 

established yet. As a consequence, harmonized approaches and expressions to allow reliable 

comparisons between methods and instruments, as well as to process SP-ICP-MS data, are 

required. 

 

ICP-MS is a powerful method, unfortunately, the linear dynamic range of single particle 

analysis may be hindered by “unruly” transient signals and momentary pulse pile-ups at the 

electron multiplier detector see Rush et al [15]. This study investigated a way to extend the 

dynamic range of ICP-MS nano-particle quantification via addition of a collision gas in the 

https://www.sciencedirect.com/science/article/abs/pii/S0584854715000907#!
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collision cell of the ICP-MS. The collision gas temporally broadens the nano-particle signal 

resulting in decreased pulse pile-up and increased integrated intensity, up to a point where 

scattering losses begin to dominate. The addition of a collision gas used together with the dual 

mode detector shows a promising path forward towards mitigating unruly transient signals, 

improving the dynamic range of nano-particle quantification. 

 

Non-spectral interferences in single-particle ICP-MS analysis is another underestimated 

phenomenon  according to Loula et al [ 16 ]. Spectral and non-spectral interferences in 

inductively-coupled plasma mass-spectrometry were investigated by Dams et al [17].  Non-

spectroscopic effects of organic compounds were also investigated by Kralj and Veber [18]. 

 

Single-particle ICP-MS method was validated by Witzler et al [19] to measure nano-particles 

in human whole blood for nano-toxicology. A highly efficient introduction system for single 

cell- ICP-MS and its application to detection of copper in single human red blood cells has 

been reported by Cao et al [20].  
 

The number of X ions NX (-) for a single virus CHONPS (with : and the 

stoichiometric coefficient of X: C, H, O, N, P or S) of size dvir (cm) is given by: 

     =
)(6

3

virM

Nd
N Avvir

X


     (1)  

where  (g cm-3) is the virus density, NAv the Avogadro constant (mol-1), the virus molecular 

weight M(CHONPS) (simplified as M(vir)). 

 

The number of atoms NX is also deduced from the signal sA(t) during its appearance (between 

t1 and t1+t, with t the full peak time) by the expression:  





tt

t A

CA

X

i

i

dttsN )(
1


    (2) 

With A for AM the isotopic abundance and c the counting efficiency. 

The virus number concentration Nvir (mL-1) in the original suspension is diluted by a factor 

qvir/qsol. The fraction neb is found in argon, which mass flow is qAr. The dilution is only valid 

for the dissolved species. However, the virus as single entity remains entire and is not diluted. 

Its appearance frequency f(sA) (s-1) of virus ion flashes in the torch is given by: 

    f(sA)  =  Nvir  qvir  neb     (3)  

These equations allow evaluation of the size distribution for a given element/isotope in the 

virus phase to be evaluated.     

 

Now the SV-ICP-MS method has a very powerful potential with the possibility to analyze 2 to 

500 viral objects in 20 s which can be explored for 2 kinds of viruses as examples. 

 

 

3.2 Single virus data analysis 

 

A virus is a composite object that may be characterized by its chemical composition, which 

chemical formula reads: 

CHONPS,  

with and the stoichiometric coefficient of C, H, O, N, P and S respectively. 

In SV analysis it is essential to quantify the elemental fractions of these elements. They are 

https://www.sciencedirect.com/science/article/pii/S0039914019304710
https://www.sciencedirect.com/science/article/pii/S0039914019304710
https://www.sciencedirect.com/science/article/pii/S0039914019308069
https://www.sciencedirect.com/science/article/pii/S0039914019308069
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constituents of specific amino acids, some of which are reported in Table 4. These are the 

constituents of proteins. 

 

The molecular weight of the virus M(vir) is calculated as: 

  M(vir)  =   M(C)  +  M(H)  +  M(O)  +  M(N)  +  M(P) + M(S)     (4) 

It may be evaluated from the mass of fragments and their composition of these virus parts. 

Their chemical composition is estimated within a variation that can be of the order of easily 

10%. Table 4 gives some key components of living mater.  

 

The SV ICP MS time scan can be recorded and analysed for the elements: C, H, O, N, P and S 

as follows. 

 

 

Table 4: Amino acids (AA) with P and S as key ions and nucleo-bases. 

 Amino acid Ions Formula M(AA)   Key/master ion ratio 

SEP (S) Phosphoserine P+ C3H8NO6P 185.073 1/18 

TPO (T) Phosphothreonine P+ C4H10NO6P 199.10 1/21 

PTR (Y) O-phosphotyrosine P+ C9H12NO6P 261.17 1/27 

CSO (C) S-hydroxycysteine S+ C3H7NO3S 137.16 1/14 

HIP (H) Cysteine S+ C3H7NO2S 121.16 1/13 

TAU (J) Taurine S+ C2H7NO3S 125.15 1/13 

 Nucleo-bases     

A Adenine C+, N+, O+ C5H5N5 135.1267 - 

T Thymine C+, N+, O+ C5H6N2O2 126.04 - 

C Cytosine C+, N+, O+ C4H5N3O 111.102 - 

G Guanine C+, N+, O+ C5H5N5O 151.1261 - 

U Uracil C+, N+, O+ C4H4N2O2 112.0867 - 

 

 

The carbon peaks allow a pre-evaluation of the virus molecular weight on the basis of the 

signal integration, the calculation of the mass of carbon in the virus and evaluation the virus 

mass from a standard virus molecular formula (CHONPS). A pre-identification may be 

derived following the classification proposed by Matthews [21]. For 59 different viruses, 

when the amount of nucleic acid in the particle is related either to the dry weight of the 

particle or to the particle volume, two classes of virus groups emerge - those with enveloped 

or those with geometrical particles.  

 

Now let us examine the chemical association of the major and key ions in the virus phases. 

 

Viral oxygen is linked to acidic, alcoholic, ketonic groups of bio compound but first to virus 

hydration (water), to be linked with the density i.e. real virus density or weight and virus 

anhydrous density or weight. 

 

Viral nitrogen is associated to basic groups of bio compounds, i.e. ATCG (DNA) or ATCU 

(RNA) and specific amino acids. 

 

http://www.pdb.org/pdb/ligand/ligandsummary.do?hetId=SEP
http://www.pdb.org/pdb/ligand/ligandsummary.do?hetId=TPO
http://www.pdb.org/pdb/ligand/ligandsummary.do?hetId=PTR
http://www.pdb.org/pdb/ligand/ligandsummary.do?hetId=CSO
http://www.pdb.org/pdb/ligand/ligandsummary.do?hetId=HIP
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Viral phosphorus is due to phosphate acid groups of bio compounds, it should be possible to 

distinguish DNA from RNA viruses and also phosphor- serine, threonine and tyrosine rich 

proteins. 

 

Viral sulphur is found for thiol, thio-ketone groups of bio compounds as well as cysteine, 

methionine and taurine rich proteins. 

 

Knowing the fractions the viral formula CHONPS may be deduced from the SV ICP-

MS peaks and the virus molecular weight. 

 

Viruses belonging to the family Coronaviridae consists of species that are first recognised for 

their specific morphology (TEM), see for example Fig. 3. The characterization of spike 

proteins from viruses is of course important for antiviral drug development e.g. Shanker, et al 

[22].  For SARS-CoV-2 the viruse's functions are dictated by its RNA. Coronaviridae protein 

compositions have been analysed since several decades e.g. Hierholzer, et al [23] for the 

coronavirus OC 43.  The buoyant density in potassium tartrate of the virus was 1.15 g cm-3 

and of the intact OC 43 virion was 1.18 g cm-3. By analytical ultracentrifugation the corrected 

sedimentation coefficient of the OC 43 virion was determined and the apparent molecular 

weight (M(vir)) was calculated to be (112 ± 5) x 106 Da. The human respiratory coronavirus 

OC43 was isotopically labelled with amino acids, glucosamine, and orthophosphate to 

analyze virion structural proteins as reported by Hogue and Brian [24]. Major protein species 

were resolved by electrophoresis and many of their properties were deduced from digestion 

studies using proteolytic enzymes.  

 

The first virus investigated in this work, the SARS-COV 2 virus was chemically described 

recently by  Popovic & Minceva [25]. RNA and protein data utilized in this work are given in 

Table 5. Note that the number of protein copies per virion varies, even within a single species, 

as reported by Neuman et al (2011)[ 26]. For example, the number of spike protein trimers can 

vary between 50 and 100 per virion. The average number is 74 trimers, giving 74 × 3 = 222 

spike proteins in total, see Neuman et al (2006) [27]. Total number of atoms constituting the 

viruses is gained by the atom counting method. For each virus, the number of atoms is given 

for the entire virion (nucleocapsid + envelope) and the nucleocapsid. The last line presents the 

molar mass of entire virions, in Daltons.  

 

 

Fig. 3: Negative stain electron microscopy SARS-COV 2 showing spikes, membrane, capsid 

and RNA genome. Adapted from Humphrey [28]. Biochemical composition, see Table 5. 

 

The empirical formula of RNA was taken to be the average RNA of all RNA viruses 

considered in the atom counting method CH1.2316O0.7610N0.3967P0.1050.  

The protein composition was taken as the average viral protein composition of all viruses 

considered in the atom counting method CH1.5692O0.3085N0.2708S0.0061, lipid composition was 

represented by that of human lipids CH1.9216O0.1176 ,see Wang et al  [29] and non-nucleic acid 

carbohydrate composition may be represented by the empirical formula of carbohydrates 

CH2O. 

https://www.sciencedirect.com/science/article/abs/pii/0168170286900134#!
https://www.sciencedirect.com/science/article/abs/pii/0168170286900134#!
https://www.sciencedirect.com/science/article/pii/S2405844020317862#bib30
https://www.sciencedirect.com/science/article/pii/S2405844020317862#bib30
https://www.sciencedirect.com/science/article/pii/S2405844020317862#bib29
https://www.sciencedirect.com/science/article/pii/S2405844020307787#bib46
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Table 5: Components, chemical formula and masses of a SARS-COV-2 virus. Genome: Sense: → ,  

Bases: A  T  C  U  , POD: phosphate desoxyribose. 

Component Formula Mass (Da) Subunit Mass tot (Da) 

Nucleoprotein 

Total 

C1971H3137N607O628S7 

C4667328H7428416N1437376O1487104S16576 

45,625 2368 108,040,000 

Membrane protein 

Total 

C1165H1823N303O301S8 

C1379360H2158432N358752O712768S9472 
25,146 1184 29,772,864 

Spike protein 

Total 

C6336H9770N1656O1894S54 

C1406592H2168940N367632O420468S11988 
141,175 222 31,340,850 

Total Protein  C7453280H11755788N2163760O2620340 S38040 - - 169,153,714 

Genome  →AaTtCcUu    

Genome total C2646720H4804202N161240O260660P65230 Na65230 46,514,892 1 52,346,286 

Virus total C10100000H16560000N2325000O2881000P65230S38040Na65230  1 filled 

capsid 

221,500,000 

 

 

The second examined case is the Siphoviridae bacteriophage T5 virus which morphological 

characteristics are depicted Fig. 4 and chemical composition reported in Table 5. The huge 

105 MDa DNA-filled viral particle mass was accurately measured using a nano-mechanical 

mass spectrometer as reported by Domingez-Medina [30].  DNA was taken to be the average 

DNA of all DNA viruses considered in the atom counting method CH1.2555O0.5840N0.3796P0.1022. 

 

 

Fig. 4: Morphological characteristics of the Siphoviridae bacteriophage T5 virus, adapted from 

Domingez-Medina (2018) [30]. Biochemical composition, see Table 6. 
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Table 6:  Components, chemical formula and masses of a siphoviridae bacteriophage T5. Genome: 

Sense: → ,  antisense:   ←, Bases: A  T  C  G  , POD: Na phosphate desoxyribose. 

Component Formula Mass (Da) Subunit Mass tot (Da) 

Head protein pb8 

Total 

C1466H2349N391O445S5 

C1136150H1820475N303025O344875S3875 

32,892 775 25,491,633 

Portal protein pb7 

Total 

C1948H3099N523O601S13 

C23376H37188N6276O7212S156 

43,879 12 526,548 

Empty capsid    26,018,181 

Head completion 

protein p144 

Total 

C853H1352N224O263S8 

 

C10236H16224N2688O3156S96 

19,210 12 230,521 

Total proteins C1169762H1873887N311989O355243S4127   26,248,702 

Genome bases →A36051T37888C23473G24388        C20H35N7O8Na2P2 

←A37888T36051C24388G23473 

650 

620 

121,750 

121,800 

79,137,500 

75,516,000 

Genome 

Elements 

→    C585527H609790N438390O123637 

←    C584612H609000N452071O119963 
POD: C1218000H569000O121800P243600Na243600 

   

Genome total C2388139H29971390N900461O1905200P243600Na243600  1  

Virus total C3557901H4871277N1212450O2260443P243600S4127Na243600  1 105,386,202 

 

The researchers measured hundreds of DNA-filled viruses and found that the normalised 

distribution of measured masses centred on 108.4 MDa. This value is slightly higher than the 

calculated molecular mass of 105.4 MDa, perhaps because of salt introduced during 

ionisation, or the degree of hydration. 
 

Application of SV ICP-MS 
The full calculation of a SV ICP MS may be estimated as follow: 

1. establish the molecular formula CHONPS of the virus  

2. with Eq 1 and 2 derive the peak characteristics, 

3. with Eq 3 derives the number of peak per time unit from the virus number 

concentration in the original sample. 

 

Figure 5 shows the scan that can be recorded for the 2 virus types studied in this work.  

The peak intensity recorded for 13C, 15N, 31P, 32S can be used to identify the virus, and the 

frequency in the scan is directly proportional to the virus concentration.  

 

For the COV-2 virus, the molar ratio’s are:  

N/C = 0.230; P/C = 0.0065 and S/C = 0.00377.   

For this RNA virus, the single rather short genome chain contributes to a small P/C ratio and a 

slightly reduced N/C ratio compared to the siphoviridae case treated below. The COV-2 is 

however known to be rather sulphur rich and the S/C ratio is larger here than for the 

bacteriophage T5 (DNA virus).  

 

For the siphoviridae (DNA virus) the ratios are:  

N/C = 0.313; P/C = 0.0684 and S/C = 0.0012.  

 

Mass fractions are often used in human body composition research, for example the 

composition of an average adult is 21.0% C, 10.2% H, 63.7% O, 2.7% N, 0.7% P, 0.2% S and 

1.6% other elements, see Wang et al (1993) [29].  

The human body molecular average ratio’s are:  

N/C = 0.11; P/C = 0.013 and S/C = 0.0036. 

https://www.sciencedirect.com/science/article/pii/S2405844020307787#bib46
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Fig. 5: Simulated SV ICP MS scan for analysis of Viruses.  

a.  24 single SARS COV-2  viruses +2 counted as double 

b.  16 single siphoviridae bacteriophage T5 viruses +1 counted as double.  

Conditions: recording time 2 s, t: 10 ms, C : 2x10-2, A: 13C+: 1.10%, 15N+: 0.366%, 31P+: 100%, 
32S+: 95%, other conditions see Table 1. Readings: a. at 0.26 s and 1.95 s: aggregates of 2 viruses, 1.38 

bio-fragment e.g. cellulose nano particle, b.  at 0.42 s: aggregate of 2 viruses, for a. & b. the 13C+   

background is due to residual DOC and traces of CO2, the 15N+ background is due to residual dissolved 

N2 in solution and traces of N in DOC.  

 

 

Recommendations 

The single virus analysis challenge is to discriminate the C and N ICP-MS peaks from the virus from 

the C and N signal backgrounds. Clearly reduction of both background signals is possible working in a 

helium glove box (also required to avoid viral contamination) and using argon for the plasma torch 

with at least a seven 9 quality argon at least during sample injection. The argument C and N analysis 

by ICPMS is not possible is wrong this is due to the air contamination because ICP-MS analysis is 

traditionally carried out in atmospheric conditions. Actually C and N analyses are possible e.g. 

Riisom, et al [31]. Reduction of both C (CO2 and TOC) and N (N2) in the samples and ultra pure water 

used for dilution is mandatory. Interferences (see Table 2) need to be carefully assessed and reduced if 

any. Carbonates, bicarbonates and carbon dioxide as well as all soluble organic materials must be 

eliminated for carbon SV ICP-MS analysis. For nitrogen SV ICP-MS, nitrate, nitrite and ammonium 

as well as organic nitrogen compounds must also be eliminated. As an example using the reciprocal of 

Eq. 2 the signal s15N+ for a 1 ppb N2 argon - N free sample would be 300 counts for a 1s t (slot 

time). 

 

For phosphorus and sulphur, all interferences (see Table 3) need to be carefully assessed and reduced 

if any. A Pt cone is required to avoid any interference from 62Ni2+ (A: 3.6%) with 31P+ and 64Ni2+ (A: 

0.926%) with 32S+. Both could be recorded with the classical nickel cone. Phosphates, phosphites and 

phosphine as well as organophosphorus (e.g. phosphinites and phosphonites) compounds must be 

eliminated prior phosphorus SV ICP-MS analysis. Sulphate, sulphites and sulphides as well as 

sulphurous organic compounds must be absent from the sample prior SV ICP-MS analysis.  

 

The volume of the torch is an issue as well as the size of the cone hole as well as the thermo-hydraulic 

properties of the plasma (plasma, power source, temperature …). Optimal argon flows, nebulisation 

and dilution in ultrapure water are a must. Here, the work is carried out for 100 nm viruses using 

CNPS signals. Interest for other labeling elements such as Se or Na, K, Mg, Ca, Zn and also for 

smaller viruses should be mentioned. This requires however an improvement of the sensibility e.g. 

from the pg to the fg level. 

 

To avoid interferences the use of sector field ICP-MS is suggested e.g. Jakubowski et al [32]. Work 

with TOF MS is difficult, quadrupole MSs are better but sector field MSs are strongly recommended 

to avoid interferences.  

 

Future work concerns the comparison of SV ICP MS scans as calculated for a larger series of 

viruses with molecular formula CHONPS as those given by Popovic & Minceva (2020) 

[33], for both type (RNA and DNA viruses) and for sizes going from ~20 (if possible) to ~200 

nm. 
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4. Conclusions  

 

This paper is an attempt to review and summarize the different approaches applicable in 

relation to the detectability in single virus ICP-MS analysis, and highlight the peculiarities of 

this topic. Interferences are analysed and discussed pointing out the need of SF-ICP-MS.  

The analysis of single viruses by SV ICP-MS is possible routinely, recording MS peaks in 

time scan for given masses and detecting say 2 to 500 viruses in 20 s. The time required for 

virus counting by SV ICP MS is several thousand time faster than by the other techniques e.g. 

electron microscopy. Their identification is based on the carbon peak intensity (e.g. 13C+) 

which based on the virus molecular weight or mass and the ratio of other master ions (N as 

surrogate for nucleo-bases and amino acids) and key ions (P as leading element for phosphate 

from the nucleo-chains, and S for thiol groups) peaks. A virus classification based on the N/C, 

P/C and S/C molecular ratios is suggested.     
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Fig. 1: Single Virus Multi-Channel Inductively Coupled Plasma Mass Spectrometry SV MC 

ICP MS adapted for master ions and key ions analysis. Note the dilution factor used when 

injecting the sample (syringe) in the stream of pure water, see Degueldre & Favarger (2003). 
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Fig. 2: Discriminating AS+ and their interferences by HR MC ICPMS Ref. Martínez-Sierra, et al 

(2015). 
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Fig. 3: Negative stain electron microscopy SARS-COV 2 showing spikes, membrane, capsid 

and RNA genome. Adapted from Humphrey [28]. 
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Fig. 4: Morphological characteristics of the Siphoviridae T5 bacteriophage virus. Chemical 

composition, see Table 6 
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Fig. 5: Simulated SV ICP MS scan for analysis of Viruses.  

a.  24 single SARS COV-2  viruses +2 counted as double 

b.  16 single sipho-viridae T5 bacteriophage viruses +1 counted as double.  

Conditions: recording time 2 s, t: 10 ms, C : 2x10-2, A: 13C+: 1.10%, 15N+: 0.366%, 31P+: 100%, 
32S+: 95%, other conditions see Table 1. Readings: a. at 0.26 s and 1.95 s: aggregates of 2 viruses, 1.38 

bio-fragment e.g. cellulose nano particle, b.  at 0.42 s: aggregate of 2 viruses, for a. & b. the 13C+   

background is due to residual DOC and traces of CO2, the 15N+ background is due to residual dissolved 

N2 in solution and traces of N in DOC.  
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Single virus inductively coupled plasma mass spectroscopy analysis:             

a comprehensive study. 
 

Claude Degueldre  
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c.degueldre@lancaster.ac.uk 

 

Abstract 

The characterisation of individual nanoparticles by single particle ICP-MS (SP-ICP-MS) has 

paved the way for the analysis of smallest biological systems. This study suggests to adapting 

this method for single viruses (SV) identification and counting. With high resolution multi-

channel sector field (MC SF) ICP-MS records in SV detection mode, the counting of master 

and key ions can allow analysis and identification of single viruses. The counting of 2-500 

virial units can be performed in 20 s. Analyses are proposed to be carried out in Ar torch for 

master ions: 12C+, 13C+, 14N+, 15N+, and key ions 31P+, 32S+, 33S+ and 34S+. All interferences are 

discussed in detail. The use of high resolution SF ICP-MS is recommended while options 

with anaerobic/aerobic atmospheres are explored to upgrade the analysis when using 

quadrupole ICP-MS. Application for two virus types (SARS-COV2 and bacteriophage T5) is 

investigated using time scan and fixed mass analysis for the selected virus ions allowing 

characterisation of the species using the N/C, P/C and S/C molar ratio’s and quantification of 

their number concentration. 

 
Keywords:  Virus identification; virus counting; SP ICP-MS; individual virus analysis; single virus 

ICP-MS.   
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 2 

1. Introduction  

 

Single particle inductively coupled plasma mass spectroscopy (SP ICP-MS) was first tested at 

Institute Forel, University of Geneva in 2001 and presented in 2002 at the EMRS Spring 

Meeting in a proceedings paper published by Degueldre & Favarger (2003)1. This method 

was later tested on gold nano- particles that are used as substrate in nano- pharmacy, and 

published subsequently i.e. Degueldre et al (2006)2. SP ICP-MS was also tested on dioxides 

e.g. Degueldre et al (2004 & 2006) 3 , 4 , 5 . The characterisation of individual metallic 

nanoparticles by ICP-MS analysis has been carried out by laser ablation as reviewed by Koch 

& Günther (2017) 6 or by so-called single particle ICP-MS which has paved the way for the 

analysis of small biological systems like individual microscopic cells e.g. Zheng et al (2013)7 

and Corte-Rodríguez et al (2020)8. Today the challenge of very sensitive ICP-MS methods is 

to solve specific medical issues such as contaminations pathways or viruses spreading and the 

role of forgotten elements e.g. Te as pointed out by Amais et al (2020) 9.  This conceptual 

study suggests the use this method for single viruses (SV) ICP-MS identification and 

counting. Its potential is tested for two virus kinds: one of RNA and one of DNA type.    

 

2. Methodology 

 

To perform SV ICP-MS high dilution of the viral sample suspension is required to inject one 

virus at a time in the plasma torch, producing one flash of ions per slot time of the Mass 

Spectrometer. After atomisation/ionisation in the plasma torch the flash of ion (cloud) passes 

through the conus pin hole and is analysed in the mass spectrometer. The number of flash is 

proportional to the concentration of viruses in the sample, and the intensity of the ionic flash 

is proportional to the fraction of the element (isotope ion) present in the viral object. For 

practical reason one considers the argon (Ar) plasma torch. 
In nanomedicine virus analysis is a key issue, however current molecular analysis is usually 

time consuming. In this study for virus identification one is interested to discriminate the 

fraction of master ions (atoms from the matrix of the virus) and the fraction of key element 

(ion from a coating e.g. drug, or from a selected element e.g. specific for given amino acid or 

for the viral RNA or DNA). In the case of a given virus, for example, SV ICP-MS shall 

require the selection of one (or two) master ion(s) and of 2 key ions to identify them and 

quantify their fraction in the virus ‘body’.  

In ICP-MS analyses the introduced sample is largely ionized in the plasma followed by a 

separation of the ions by their mass-to-charge ratio. A resulting ion beam is then quantified 

via calibration of the associated signal intensities. Usually the argon plasma is operated under 

atmospheric conditions and the analytes are transported there either in acidified (or basic) 

aqueous solution or in organic solvents, the most abundant elements in the plasma next to Ar 

are H, O, N, and C. To reduce contamination (C,N,O) the torch is placed in argon atmosphere.  
Table 1 provides standards experimental conditions to perform SP ICPMS analysis.  
 

Table 1 Typical Instrument and operating conditions for ICP-MS  
Radio frequency applied power  (kW) 1.4 

Plasma gas flow rate  (L min-1) 18.0 

Nebulizer gas flow rate qneb / (L min-1) 1.0 

Auxiliary gas flow rate / (L min-1) 1.8 

Sheath gas flow rate / (L min-1) 0.13 

Sampling depth / (mm) 5.5 

Ultra pure water flow rate (mL min-1) 200 

Sample injection flow rate (mL min-1)  0.20  

Replicates per sample 5 

Spray chamber temperature / (ºC) 2 

Mass-to-charge ratio (m/z) master ions 12, 13, 14, 15, , 
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 3 

Mass-to-charge ratio (m/z) key ions 31, 32, 34,  

Scan mode  Time 

Acquisition mode Multi-channel, fixed masses, time-scan 

Since the quadrupoles can be tuned to select for different masses, they are ideally suited for 

the interferences. The first mass filter is then set to the analyte plus its interference, e.g. m/z 

32 for sulphur, after the reaction cell e.g. A+1 with H of H2 and A+16 with O of O2. 

A little intensity is lost through the process, but the gain is worth the loss: interference being 

drastically lowered, the collision/reaction cell's performance is at its best level. The 

advantages and disadvantages of ICP-MS is its very large range of analysis, however SV ICP-

MS remains a non-species selective analysis.  

On the other hand, in a known matrix with a known analyte, a very accurate quantitation can 

be performed by the mean of a conversion factor for calculation of the species of interest. If a 

soluble or gaseous interferes in the scan signal (background), it can be reduced by dilution in 

the stream of pure water used in SV mode. The advantage of this method is the principle of 

analysis itself that gets rid of organic compounds that could interfere in other types of 

measurements by a digestion step (solid samples) and/or directly by the subsequent plasma 

ionization.  

Multi-Channel (MC) ICP-MS allows, compared to simple quadrupole ICPMS, a finer analysis 

due to the addition of a supplementary quadrupole to the system before the collision / reaction 

cell. This addition acts as a supplementary mass filtering unit thus removing more of the 

interferences. Use of a sector field (SF) improves also widely the technique (better resolution, 

multi -channel analysis). 

Since today’s sector field MC ICP-MS (see Fig. 1) can detect some atoms (say 5-20 ions per 

ion flash and per channel) the potential of this technique is impressive. However, a full 

analysis of the potential interfering ions is mandatory. 

Fig. 1: Single Virus Multi-Channel Inductively Coupled Plasma Mass Spectrometry SV MC 

ICP MS adapted for master ions and key ions analysis. Note the dilution factor used when 

injecting the sample (syringe) in the stream of pure water, see Degueldre & Favarger (2003). 

 

 

2.1 Virus master ion analysis   

 

The virus major ions are those ions from the main elements of the virus in the membrane, S-

protein, lipid layers, capsid as well as in the nucleic (RNA or DNA) core. These elements are 

H, C, N and O. For the mass spectrometer of the ICP-MS, ion isotopes detected shall be 12C+, 
13C+, 14N+, 15N+. They are reported in Table 2 with their potential interferences in the Ar 

plasma. H and O isotopes are not considered because they are due to water itself from the 

solution and from the hydration of the viral object. Note that the dissolved (and the low 

molecular suspension) molecules appear in the MS reading as a continuum and that the SV 

and SP signals are ion peaks. Interferences on AX+ are easy to sort out; they are [A/2X’2]
+, 

[1HA-1X’]+ , [1H2
A-2X’]+ , nAX’n+, where X’ is the interfering element isotope of mass derived 

from A. Potential interferences are reported in Table 2. Their masses give their potential of 

interference on the mass scale and their abundances guide the overlapping effect they may 

have in the intensity scale. 
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2.1.1 Measuring carbon 

 

For 12C+ the interferences (given in Table 2) may be: [6Li2]
+, [1H11B]+, 24Mg2+and 48Ti4+, 

however these elements may be absents or very diluted in the suspension. Only 36Ar3+ could 

interfere, however its abundancy is 0.337% in Ar reducing its impact and its triple ionisation 

may be avoided at lower plasma temperature which are usually several orders of magnitude 

greater than the temperature of the neutral species, see Shun'ko et al (2014)10. With a mass 

difference of 0.007 24Mg2+ may interfere with 12C+, however, dilution is possible when Mg is 

soluble. Otherwise the reaction cell described below for 13C+ is applicable.   
 

For 13C+ the interferences (given in Table 2) may be: [1H12C]+, [2H11B]+, 26Mg2+ and 39K3+. 

The solution must be exempted of B, Mg and K. If one of these ions interferes as soluble it 

may be further diluted to reduce the background without affecting the height of the single 

particle peaks. Decreasing slightly the flow rate of the aerosol gas from that which yields 

maximum signal eliminates this 12C1H+ interference as reported by Luong & Houk (2003)11. 

Additional information is given in Table 2. Clearly with a mass difference of 0.005 [1H12C]+   

may interfere with 13C+. For oxide-forming analytes, this can be achieved elegantly in a 

reaction cell by the means of oxygen. This interference may be avoided by forming 13C16O+ 

using the reaction:   
13C+ + 16O2 → 13C16O+ + 16O    

Actually, the formation of 28Si+ from the quartz vessel may interfere on 12C16O+ as well as the 

formation of 30Si+ (low abundance) could interfere on [1H13C16O]+  (low probability of 

formation). Consequently the use of SF ICP-MS may be suggested. 

 

2.1.2 Measuring nitrogen 

 

For 14N+ the interferences may be: [7Li2]
+, [2H12C]+ and 28Si2+. Basically lithium should be in 

the soluble phase and dilution shall reduce the effect, 1H2
12C may be originating from the 

soluble and particulate (virus) phase and Si could also be part of the soluble phase (soluble 

SiO2 or silicates) or from the particle phase e.g. quartz fragments or from the torch. Ultra-

traces of N2 in the carrier gas is also an issue (see discussion). Details are given in Table 2.    

 

For 15N+ the interferences may be: [1H14N]+, 30Si2+ and 60Ni4+. Basically HN may be 

originating from the soluble and particulate (virus) phase and Si could also be part of the 

soluble phase (soluble SiO2 or silicates) or from the particle phase e.g. quartz fragments from 

the nebuliser/torch vessel. Details are given in Table 2. Here the mass differences (N+ and 

interference) are larger than 0.008 and the use of high resolution MS is suggested. 

 

 

Table 2:  Master ion isotopes and their interferences considered for the SV ICP-MS analysis. 

Molecular mass M(A[X]+) of A[X]+   and its abundance: Abd.     

Isotope AX M(A[X]+) Abd (%) Interference  M(A[YZ]+), M(nA[Y]n+)  Abd (%) 
12C 11.99945 98.900 [1H11B]+,         12.01659 

24Mg2+,            11.99252 
36Ar3+,             11.98863 
48Ti4+,             11.98644 

80.09 
62.39 
00.337 
73.8 

13C 13.00280 01.100 [1H12C]+,         13.00728 
26Mg2+,            12.99075 
39K3+,              12.98735 

98.885 
11.01 
93.258 

14N 14.00252 99.634 [1H13C]+,         14.01008 01.998 
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 28Si2+,             13.98702 92.23 
15N 14.99956 00.366 [1H14N]+ ,        15,01063 

 30Si2+,             14.98634 
60Ni4+,             59.930785 

99.619 
03.10 

26.223 

 

All these interferences may also be avoided using high resolution MS. 

 

2.2 Virus key ion analysis 

 

The virus key ions are those from these elements that characterise its properties and 

functionalities. Phosphorus is an integral part of the nucleotides and thus of all fragments of 

DNA and RNA, so it can be used to quantify such macromolecules. Sulphur is present in 

large molecules, either as active groups, e.g. in thiols, or within the normal structure of 

specific amino acids. In SV analysis it is consequently essential to quantify the elemental 

fractions of these elements. 

 

The key ion isotopes are subject like major element to interferences. The more relevant 

isobaric interferences are given in Table 3. Interferences on AX+ are easy to evaluate; these 

are [A/2X’2]
+, [1HA-1X’]+, [1H2

A-2X’]+, nAX’n+, but also [16OA-16X’]+ and [16O2
A-32X’]+.   

 

The low mass-range of the ICP-MS is very "crowded" by [NO]+, [O2]
+, [CO]+, varying in 

their mass by the combination and abundance of their respective fractions. For example, 

[16O2]
+ with the mass 32 is very common, and while [15O2]

+ with 30 is much less abundant, 

[14N16O]+ also contributes at this mass. In case the mass of interest is affected by such 

polyatomic interferences, an effective way to solve the interference is needed. The solution is 

to work in a He atmosphere surrounding the Ar torch system avoiding the N2, O2 and CO2 

contamination of the system. Some of these cluster ions may interfere with the measured key 

ions 31P+, 32S+ and 33S+. 

 

2.2.1 Measuring phosphorus 
 

Phosphorus is a mono-isotopic element of mass 30.97 amu. For a mass-based analytical 

technique like ICP-MS, this means that only the one isotope (31P) can be selected to quantify 

phosphorus. For 31P+ the interferences are given in Table 3.  

 

The phosphorus analysis by ICP-MS is somewhat limited by a weak detection limit, as 

reviewed by Martínez-Sierra, et al (2015)12. Since their detection limit is weak in current 

argon plasma troch a variant is mandatory. Measuring option is to use the ICP-MS - O2 

reaction cell to analyse phosphorus. 

 

For phosphorus, which receives strong interference from multiple ions (like [15N16O]+, 

[1H14N16O]+, [13C18O]+, ...) or 62Ni2+ see Table 3, a solution may be a mass shift from 31 to 47 

amu with: 
31P+ + 16O2 → [31P16O]+ + 16O 

For the interfering species, mass remains 31 amu: 

[15N16O]+ + O2 → no reaction 

However, it must be kept in mind that although the analyte can then be analyzed at a mass 

different to its interfering species, the mass it is shifted to could be already be "occupied" by 

other analytes also present in the sample, e.g. 47Ti in the case of [31P16O]+. In such cases, with 

a normal single quadrupole ICP-MS system, one would end up with the same problem, just at 

another mass. 
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Interferences may also be avoided using high resolution MS. 

 

2.2.2 Measuring sulphur 

 

The phosphorus and sulfur analysis by ICP-MS is somewhat limited by a weak detection 

limit, as reviewed by Martínez-Sierra, et al (2015).  A method for the analysis on-line of 

species-specific sulfur isotopes by means of multi-collector ICP-mass spectrometry has been 

proposed by Faßbender, et al (2020)13. Since their detection limit is weak in current argon 

plasma troch a variant is mandatory. Measuring option is to use the ICP-MS – O2 reaction cell 

to analyse sulphur. 

 

For sulphur, three naturally stable isotopes (32S, 33S, 34S) are found with an abundance of 

approximately 95% for 32S. For the determination of trace concentrations, the only reasonable 

isotope is offered by 32S. Their high resolution mass spectra are presented Fig 2. For sulfur, 

which receives strong interference from the ion [16O2]
+ as well as [1H31P]+, 64Zn2+, 96Mo3+, 

and 64Ni2+ (the later if Zn, Mo or Ni (cone) are present) a mass shift from 32 to 48 amu is 

suggested using a reaction cell: 
32S+ + 16O2 → 32S16O+ + 16O 

While the interfering ion mass remains 32 amu for 16O2. 

However, it must be kept in mind that although the analyte can then be analyzed at a mass 

different to its interfering species, the mass it is shifted to could be already be "occupied" by 

other analytes also present in the sample, e.g. 48Ti+ in the case of [32S16O]+. In such cases, with 

a normal single quadrupole ICP-MS system, one would end up with the same problem, just at 

another mass. Interferences may also be avoided using high resolution MS. 
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Table 3:  Key ion isotopes considered for the SV ICP-MS analysis. Molecular mass M(A[X]+) 

of A[X]+   and its abundance Abd. 

Isotope AX M(A[X]+) Abd (%) Interference   M(A[YZ]+), M(2A[Y]2+) Abd (%) 
31P 30.97321 100.000  [15N16O]+         30.9945 

[1H14N16O]+    31.0091 
[13C18O]+           31.0026 
62Ni2+             30.9642 

00.365 
99.382 
00.022 

03.634 
32S 31.97152 95.02 [1H31P]+,       31.98104 

64Zn2+,          31.96402 
[16O2]+                31.98927 
64Ni2+            31.9640 

99.985 
48.60 
99.525 

00.926 
33S 32.97091  0.75 [1H32S]+            32.97935 95.006 
34S 33.96732  4.21 [16O18O]+         33.99352 00.199 

 

 

Fig. 2: Discriminating AS+ and their interferences by HR MC ICPMS Ref. Martínez-Sierra, et al 

(2015). 

 
 
Un-labelled virus identification may consequently be done by measuring master ions and the 

key ions. The first give a weight of carbon, nitrogen and oxygen and could be used to derive a 

total mass (in Da) of the virus, on the basis of calibration. The oxygen data may be affected 

by the virus hydration grade. The key ion data allow by deduction identification of the virus 

based on its functionalities derived from specific amino acids present in the virus. In all case 

the concentration of the virus (in number per mL) can be deduced.  

3. Application and discussion 
 

3.1 Application of the single particle methodology 

 

Single particle inductively coupled plasma mass spectrometry (SP-ICP-MS) offers unique 

features for the detection of particles, as well as for their quantification and size 

characterization. The detection capabilities of SP-ICP-MS are therefore not only limited to the 

concentration domains (of particles and dissolved related species), but also to the mass of 

element per particle and particle size domains as reported by Degueldre & Faverger (2003) 

and confirmed by Laborda et al (2020)14. Discrimination and detection of particle events, 

based on the use of robust limits of decision and the estimation of the limits of detection in the 

different domains, require standardized metrological approaches that have not been clearly 

established yet. As a consequence, harmonized approaches and expressions to allow reliable 

comparisons between methods and instruments, as well as to process SP-ICP-MS data, are 

required. 

 

ICP-MS is a powerful method, unfortunately, the linear dynamic range of single particle 

analysis may be hindered by “unruly” transient signals and momentary pulse pile-ups at the 

electron multiplier detector see Rush et al (2018)15. This study investigated a way to extend 

the dynamic range of ICP-MS nano-particle quantification via addition of a collision gas in 

the collision cell of the ICP-MS. The collision gas temporally broadens the nano-particle 
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signal resulting in decreased pulse pile-up and increased integrated intensity, up to a point 

where scattering losses begin to dominate. The addition of a collision gas used together with 

the dual mode detector shows a promising path forward towards mitigating unruly transient 

signals, improving the dynamic range of nano-particle quantification. 

 

Non-spectral interferences in single-particle ICP-MS analysis is another underestimated 

phenomenon  according to Loula et al (2019)16. Spectral and non-spectral interferences in 

inductively-coupled plasma mass-spectrometry were investigated by Dams et al (1995)17.  

Non-spectroscopic effects of organic compounds were also investigated by Kralj & Veber 

(2003)18. 

 

Single-particle ICP-MS method was validated by Witzler et al (2018)19 to measure nano-

particles in human whole blood for nano-toxicology. A highly efficient introduction system 

for single cell- ICP-MS and its application to detection of copper in single human red blood 

cells has been reported by Cao et al (2019)20.  
 

The number of X ions NX (-) for a single virus CHONPS (with : and the 

stoichiometric coefficient of X: C, H, O, N, P or S) of size dvir (cm) is given by: 

     =
)(6

3

virM

Nd
N Avvir

X


     (1)  

where  (g cm-3) is the virus density, NAv the Avogadro constant (mol-1), the virus molecular 

weight M(CHONPS) (simplified as M(vir)). 

 

The number of atoms NX is also deduced from the signal sA(t) during its appearance (between 

t1 and t1+t, with t the full peak time) by the expression:  





tt

t A

CA

X

i

i

dttsN )(
1


    (2) 

With A for AM the isotopic abundance and c the counting efficiency. 

The virus number concentration Nvir (ml-1) in the original suspension is diluted by a factor 

qvir/qsol. The fraction neb is found in argon, which mass flow is qAr. The dilution is only valid 

for the dissolved species. However, the virus as single entity remains entire and is not diluted. 

Its appearance frequency f(sA) (s-1) of virus ion flashes in the torch is given by: 

    f(sA)  =  Nvir  qvir  neb     (3)  

These equations allow evaluation of the size distribution for a given element/isotope in the 

virus phase to be evaluated.     

 

Now the SV-ICP-MS method has a very powerful potential with the possibility to analyze 2 to 

500 viral objects in 20 s which can be explored for 2 kinds of viruses as examples. 

 

 

3.2 Single virus data analysis 

 

A virus is a composite object that may be characterized by its chemical composition, which 

chemical formula reads: 

CHONPS,  

with and the stoichiometric coefficient of C, H, O, N, P and S respectively. 

In SV analysis it is essential to quantify the elemental fractions of these elements. They are 
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constituents of specific amino acids, some of which are reported in Table 4. These are the 

constituents of proteins. 

 

The molecular weight of the virus M(vir) is calculated as: 

  M(vir)  =   M(C)  +  M(H)  +  M(O)  +  M(N)  +  M(P) + M(S)     (4) 

It may be evaluated from the mass of fragments and their composition of these virus parts. 

Their chemical composition is estimated within a variation that can be of the order of easily 

10%. Table 4 gives some key components of living mater.  

 

The SV ICP MS time scan can be recorded and analysed for the elements: C, H, O, N, P and S 

as follows. 
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Table 4: Amino acids (AA) with P and S as key ions and nucleo-bases. 

 Amino acid Ions Formula M(AA)   Key/master ion ratio 

SEP (S) Phosphoserine P+ C3H8NO6P 185.073 1/18 

TPO (T) Phosphothreonine P+ C4H10NO6P 199.10 1/21 

PTR (Y) O-phosphotyrosine P+ C9H12NO6P 261.17 1/27 

CSO (C) S-hydroxycysteine S+ C3H7NO3S 137.16 1/14 

HIP (H) Cysteine S+ C3H7NO2S 121.16 1/13 

TAU (J) Taurine S+ C2H7NO3S 125.15 1/13 

 Nucleo-bases     

A Adenine C+, N+, O+ C5H5N5 135.1267 - 

T Thymine C+, N+, O+ C5H6N2O2 126.04 - 

C Cytosine C+, N+, O+ C4H5N3O 111.102 - 

G Guanine C+, N+, O+ C5H5N5O 151.1261 - 

U Uracil C+, N+, O+ C4H4N2O2 112.0867 - 

 

 

The carbon peaks allow a pre-evaluation of the virus molecular weight on the basis of the 

signal integration, the calculation of the mass of carbon in the virus and evaluation the virus 

mass from a standard virus molecular formula (CHONPS). A pre-identification may be 

derived following the classification proposed by Matthews (1975)21. For 59 different viruses, 

when the amount of nucleic acid in the particle is related either to the dry weight of the 

particle or to the particle volume, two classes of virus groups emerge - those with enveloped 

or those with geometrical particles.  

 

Now let us examine the chemical association of the major and key ions in the virus phases. 

 

Viral oxygen is linked to acidic, alcoholic, ketonic groups of bio compound but first to virus 

hydration (water), to be linked with the density i.e. real virus density or weight and virus 

anhydrous density or weight. 

 

Viral nitrogen is associated to basic groups of bio compounds, i.e. ATCG (DNA) or ATCU 

(RNA) and specific amino acids. 

 

Viral phosphorus is due to phosphate acid groups of bio compounds, it should be possible to 

distinguish DNA from RNA viruses and also phosphor- serine, threonine and tyrosine rich 

proteins. 

 

Viral sulphur is found for thiol, thio-ketone groups of bio compounds as well as cysteine, 

methionine and taurine rich proteins. 

 

Knowing the fractions the viral formula CHONPS may be deduced from the SV ICP-

MS peaks and the virus molecular weight. 

 

Viruses belonging to the family Coronaviridae consists of species that are first recognised for 

their specific morphology (TEM), see for example Fig. 3. The characterization of spike 

proteins from viruses is of course important for antiviral drug development e.g. Shanker, et al 
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(2020)22.  For SARS-CoV-2 the viruse's functions are dictated by its RNA. Coronaviridae 

protein compositions have been analysed since several decades e.g. Hierholzer et al (1972)23 

for the coronavirus OC 43.  The buoyant density in potassium tartrate of the virus was 1.15 g 

cm-3 and of the intact OC 43 virion was 1.18 g cm-3. By analytical ultracentrifugation the 

corrected sedimentation coefficient of the OC 43 virion was determined and the apparent 

molecular weight (M(vir)) was calculated to be (112 ± 5) x 106 Da. The human respiratory 

coronavirus OC43 was isotopically labelled with amino acids, glucosamine, and 

orthophosphate to analyze virion structural proteins as reported by Hogue & Brian (1986)24. 

Major protein species were resolved by electrophoresis and many of their properties were 

deduced from digestion studies using proteolytic enzymes.  

 

The first virus investigated in this work, the SARS-COV 2 virus was chemically described 

recently by  Popovic & Minceva (2020)25. RNA and protein data utilized in this work are 

given in Table 5. The number of protein copies per virion varies, even within a single species 

(Neuman et al., 2011) 26. For example, the number of spike protein trimers can vary between 

50 and 100 per virion. The average number is 74 trimers, giving 74 × 3 = 222 spike proteins 

in total (Neuman et al. , 2006) 27. Total number of atoms constituting the viruses is gained by 

the atom counting method. For each virus, the number of atoms is given for the entire virion 

(nucleocapsid + envelope) and the nucleocapsid. The last line presents the molar mass of 

entire virions, in Daltons.  

 

 

Fig. 3: SARS-COV 2 structure showing spikes, membrane and RNA genome. Adapted from 

Olena (2020)28. Biochemical composition, see Table 5. 

 

The empirical formula of RNA was taken to be the average RNA of all RNA viruses 

considered in the atom counting method CH1.2316O0.7610N0.3967P0.1050.  

The protein composition was taken as the average viral protein composition of all viruses 

considered in the atom counting method CH1.5692O0.3085N0.2708S0.0061, lipid composition was 

represented by that of human lipids CH1.9216O0.1176 (Wang et al., 1993) 29 and non-nucleic acid 

carbohydrate composition may be represented by the empirical formula of carbohydrates 

CH2O. 

 
Table 5: Components, chemical formula and masses of a SARS-COV-2 virus. Genome: Sense: → ,  

Bases: A  T  C  U  , POD: phosphate desoxyribose. 

Component Formula Mass (Da) Subunit Mass tot (Da) 

Nucleoprotein 

Total 

C1971H3137N607O628S7 

C4667328H7428416N1437376O1487104S16576 

45,625 2368 108,040,000 

Membrane protein 

Total 

C1165H1823N303O301S8 

C1379360H2158432N358752O712768S9472 
25,146 1184 29,772,864 

Spike protein 

Total 

C6336H9770N1656O1894S54 

C1406592H2168940N367632O420468S11988 
141,175 222 31,340,850 

Total Protein  C7453280H11755788N2163760O2620340 S38040 - - 169,153,714 

Genome  →AaTtCcUu    

Genome total C2646720H4804202N161240O260660P65230 Na65230 46,514,892 1 52,346,286 

Virus total C10100000H16560000N2325000O2881000P65230S38040Na65230  1 filled 

capsid 

221,500,000 

 

 

The second examined case is the Siphoviridae bacteriophage T5 virus which morphological 

characteristics are depicted Fig. 4 and chemical composition reported in Table 5. The huge 
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105 MDa DNA-filled viral particle mass was accurately measured using a nano-mechanical 

mass spectrometer as reported by Domingez-Medina (2018)30.  DNA was taken to be the 

average DNA of all DNA viruses considered in the atom counting method 

CH1.2555O0.5840N0.3796P0.1022. 

 

 

Fig. 4: Morphological characteristics of the Siphoviridae bacteriophage T5 virus, adapted from 

Domingez-Medina (2018). Biochemical composition, see Table 6. 
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Table 6:  Components, chemical formula and masses of a siphoviridae bacteriophage T5. Genome: 

Sense: → ,  antisense:   ←, Bases: A  T  C  G  , POD: Na phosphate desoxyribose. 

Component Formula Mass (Da) Subunit Mass tot (Da) 

Head protein pb8 

Total 

C1466H2349N391O445S5 

C1136150H1820475N303025O344875S3875 

32,892 775 25,491,633 

Portal protein pb7 

Total 

C1948H3099N523O601S13 

C23376H37188N6276O7212S156 

43,879 12 526,548 

Empty capsid    26,018,181 

Head completion 

protein p144 

Total 

C853H1352N224O263S8 

 

C10236H16224N2688O3156S96 

19,210 12 230,521 

Total proteins C1169762H1873887N311989O355243S4127   26,248,702 

Genome bases →A36051T37888C23473G24388        C20H35N7O8Na2P2 

←A37888T36051C24388G23473 

650 

620 

121,750 

121,800 

79,137,500 

75,516,000 

Genome 

Elements 

→    C585527H609790N438390O123637 

←    C584612H609000N452071O119963 
POD: C1218000H569000O121800P243600Na243600 

   

Genome total C2388139H29971390N900461O1905200P243600Na243600  1  

Virus total C3557901H4871277N1212450O2260443P243600S4127Na243600  1 105,386,202 

 

The researchers measured hundreds of DNA-filled viruses and found that the normalised 

distribution of measured masses centred on 108.4 MDa. This value is slightly higher than the 

calculated molecular mass of 105.4 MDa, perhaps because of salt introduced during 

ionisation, or the degree of hydration. 
 

Application of SV ICP-MS 
The full calculation of a SV ICP MS may be estimated as follow: 

1. establish the molecular formula CHONPS of the virus  

2. with Eq 1 and 2 derive the peak characteristics, 

3. with Eq 3 derives the number of peak per time unit from the virus number 

concentration in the original sample. 

 

Figure 5 shows the scan that can be recorded for the 2 virus types studied in this work.  

The peak intensity recorded for 13C, 15N, 31P, 32S can be used to identify the virus, and the 

frequency in the scan is directly proportional to the virus concentration.  

 

For the COV-2 virus, the molar ratio’s are:  

N/C = 0.230; P/C = 0.0065 and S/C = 0.00377.   

For this RNA virus, the single rather short genome chain contributes to a small P/C ratio and a 

slightly reduced N/C ratio compared to the siphoviridae case treated below. The COV-2 is 

however known to be rather sulphur rich and the S/C ratio is larger here than for the 

bacteriophage T5 (DNA virus).  

 

For the siphoviridae (DNA virus) the ratios are:  

N/C = 0.313; P/C = 0.0684 and S/C = 0.0012.  

 

Mass fractions are often used in human body composition research, for example the 

composition of an average adult is 21.0% C, 10.2% H, 63.7% O, 2.7% N, 0.7% P, 0.2% S and 

1.6% other elements (Wang et al., 1993).  

The human body molecular average ratio’s are:  

N/C = 0.11; P/C = 0.013 and S/C = 0.0036. 
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Fig. 5: Simulated SV ICP MS scan for analysis of Viruses.  

a.  24 single SARS COV-2  viruses +2 counted as double 

b.  16 single siphoviridae bacteriophage T5 viruses +1 counted as double.  

Conditions: recording time 2 s, t: 10 ms, C : 2x10-2, A: 13C+: 1.10%, 15N+: 0.366%, 31P+: 100%, 
32S+: 95%, other conditions see Table 1. Readings: a. at 0.26 s and 1.95 s: aggregates of 2 viruses, 1.38 

bio-fragment e.g. cellulose nano particle, b.  at 0.42 s: aggregate of 2 viruses, for a. & b. the 13C+   

background is due to residual DOC and traces of CO2, the 15N+ background is due to residual dissolved 

N2 in solution and traces of N in DOC.  

 

 

Recommendations 

The single virus analysis challenge is to discriminate the C and N ICP-MS peaks from the virus from 

the C and N signal backgrounds. Clearly reduction of both background signals is possible working in a 

helium glove box (also required to avoid viral contamination) and using argon for the plasma torch 

with at least a seven 9 quality argon at least during sample injection. The argument C and N analysis 

by ICPMS is not possible is wrong this is due to the air contamination because ICP-MS analysis is 

traditionally carried out in atmospheric conditions. Actually C and N analyses are possible e.g. 

Riisom, et al (2018)31. Reduction of both C (CO2 and TOC) and N (N2) in the samples and ultra pure 

water used for dilution is mandatory. Interferences (see Table 2) need to be carefully assessed and 

reduced if any. Carbonates, bicarbonates and carbon dioxide as well as all soluble organic materials 

must be eliminated for carbon SV ICP-MS analysis. For nitrogen SV ICP-MS, nitrate, nitrite and 

ammonium as well as organic nitrogen compounds must also be eliminated. As an example using the 

reciprocal of Eq. 2 the signal s15N+ for a 1 ppb N2 argon - N free sample would be 300 counts for a 1s 

t (slot time). 

 

For phosphorus and sulphur, all interferences (see Table 3) need to be carefully assessed and reduced 

if any. A Pt cone is required to avoid any interference from 62Ni2+ (A: 3.6%) with 31P+ and 64Ni2+ (A: 

0.926%) with 32S+. Both could be recorded with the classical nickel cone. Phosphates, phosphites and 

phosphine as well as organophosphorus (e.g. phosphinites and phosphonites) compounds must be 

eliminated prior phosphorus SV ICP-MS analysis. Sulphate, sulphites and sulphides as well as 

sulphurous organic compounds must be absent from the sample prior SV ICP-MS analysis.  

 

The volume of the torch is an issue as well as the size of the cone hole as well as the thermo-hydraulic 

properties of the plasma (plasma, power source, temperature …). Optimal argon flows, nebulisation 

and dilution in ultrapure water are a must. Here, the work is carried out for 100 nm viruses using 

CNPS signals. Interest for other labeling elements such as Se or Na, K, Mg, Ca, Zn and also for 

smaller viruses should be mentioned. This requires however an improvement of the sensibility e.g. 

from the pg to the fg level. 

 

To avoid interferences the use of sector field ICP-MS is suggested e.g. Jakubowski et al (1998)32. 

Work with TOF MS is difficult, quadrupole MSs are better but sector field MSs are strongly 

recommended to avoid interferences.  

 

Future work concerns the comparison of SV ICP MS scans as calculated for a larger series of 

viruses with molecular formula CHONPS as those given by Popovic & Minceva (2020)33, 

for both type (RNA and DNA viruses) and for sizes going from ~20 (if possible) to ~200 nm. 

 

 

4. Conclusions  

 

This paper is an attempt to review and summarize the different approaches applicable in 

relation to the detectability in single virus ICP-MS analysis, and highlight the peculiarities of 

this topic. Interferences are analysed and discussed pointing out the need of SF-ICP-MS.  
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The analysis of single viruses by SV ICP-MS is possible routinely, recording MS peaks in 

time scan for given masses and detecting say 2 to 500 viruses in 20 s. The time required for 

virus counting by SV ICP MS is several thousand time faster than by the other techniques e.g. 

electron microscopy. Their identification is based on the carbon peak intensity (e.g. 13C+) 

which based on the virus molecular weight or mass and the ratio of other master ions (N as 

surrogate for nucleo-bases and amino acids) and key ions (P as leading element for phosphate 

from the nucleo-chains, and S for thiol groups) peaks. A virus classification based on the N/C, 

P/C and S/C molecular ratios is suggested.     
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