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A B S T R A C T   

The analysis of biomedical samples is important for the investigation of the alleged exposure to chemical warfare 
agents. The present study aims to use dried blood spots for portable detection and laboratory verification of 
organophosphate poisoning. After in-vitro incubation of blood with Novichok A-230, A-232 and A-234 and sarin, 
a volume of 25 and 50 µL was spotted on a protein saver card. Subsequently, the dried spots were extracted and 
analyzed by a mobile cholinesterase test kit. In addition, butyrylcholinesterase (BChE) was isolated and digested 
by pepsin followed by analysis with liquid chromatography tandem mass spectrometry (LC-MS/MS). The 
fluoride-activated samples were analyzed by gas chromatography tandem mass spectrometry (GC–MS/MS) and 
LC-MS/MS. It was found that the CWA induced cholinesterase inhibition was remarkably stable in dried blood 
spots. Even after at least one month storage under ambient conditions, the same linear reduction was visible as 
function of nerve agent exposure. Additionally, nonapeptide adducts were identified by LC-MS/MS one month 
after exposure. Also, intact Novichok nerve agents and regenerated sarin were observed by GC–MS/MS. In 
addition to the stability of the sample, important benefits of the proposed method include the less invasive 
sample collection and safer and easier shipping and storage conditions. In conclusion, this study shows the 
feasibility of using on-site detection and state-of-the-art laboratory analysis of dried blood spots for unambiguous 
verification of nerve agent exposure.   

Introduction 

Despite the efforts of the Organisation for the Prohibition of Chem
ical Weapons (OPCW) to achieve a world free of chemical weapons, 
there is still an ongoing threat of chemical warfare agent (CWA) use. For 
example, nerve agents have recently been used in large-scale attacks 
during the conflict in the Syrian Arab Republic [1–3], and to assassinate 
individuals in Malaysia [4], and the United Kingdom [5,6]. In addition 
to evidence such as witness statements, video footage, and satellite 
imagery, chemical analysis is important for the investigation of the 
alleged use of toxic chemicals. 

Nerve agents are mostly organophosphorus compounds and are 
prohibited under the Chemical Weapons Convention. Their toxicological 
mechanism of action is acetylcholinesterase inhibition, resulting in 

overstimulation of the cholinergic pathway [7]. The nerve agent sarin 
(GB) is one of the most potent chemical weapons, affecting the nervous 
system [8]. A 30-minutes exposure to 4 µg/m3 already gives mild effects, 
such as pinpoint pupils, blurred vision, runny nose, and shortness of 
breath [9]. An increased concentration of 0.19 mg/m3 is lethal or gives 
severe health effects, which can include muscular twitching, fluid 
accumulation within the airways, and cessation of breathing. Besides, 
Novichoks, considered the fourth generation of CWAs, exert the same 
mechanism of action as other organophosphate nerve agents, although 
they are expected to be even more potent [10,11]. Accordingly, the 
median lethal concentration (LCt50) is estimated to be eight times lower 
than it is for sarin [12]. 

Since CWAs are highly reactive chemicals, the analysis is mainly 
focused on degradation products in environmental samples or 
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metabolites and protein adducts in biomedical matrices. An overview of 
major pathways is given in Figs. S1 and S2 in the Supplemental Infor
mation. Typical on-site detection techniques are based on ion mobility 
spectrometry, flame photometry, Raman and IR spectroscopy, and mass 
spectrometry [13]. Most commonly applied laboratory techniques are 
gas and liquid chromatography combined with mass spectrometry [14]. 

One of the remaining challenges for forensic examinations concerns 
the stability of the actual sample during collection, transportation, 
storage, and analysis [15]. A possible way of preserving the CWA 
signature might be through drying of blood plasma or applying whole 
blood on filter paper. This fixation might maintain the reactive com
ponents into a more stable matrix and could potentially also slow down 
degradation of other relevant components. Advantages of using dried 
blood spots (DBS) include reduced sample volume, safer handling, and 
less stringent storage conditions [16]. Also, less invasive sample 
collection is required since only a small amount of blood is obtained by a 
finger puncture instead of venous blood sampling which usually needs to 
be performed by a medical practitioner. For instance, sulfur mustard 
adducts of human serum albumin can be detected in dried plasma 
samples weeks after drying [17]. Also, nerve agents and simulants 
thereof have been detected in dried sample spots as free agent [18,19], 
hydrolysis product [20–22], tyrosine adduct [23], and butyr
ylcholinesterase (BChE) adducts [15,24]. Another category of chemical 
threat agents that have been studied through detection in dried blood 

spots are very powerful synthetic opioids like fentanyl [25–35]. For all 
compounds, the most commonly applied analytical technique was liquid 
chromatography-tandem mass spectrometry (LC-MS/MS), but also 
paper spray mass spectrometry (PS-MS) [22,26,29], various thermal 
desorption methods [19,35], online solid phase extraction (SPE) tandem 
mass spectrometry [30,32], and the Ellman assay [24] have been proven 
to be valuable methods. 

Currently, sophisticated analytical methods have to be used to 
evaluate the DBS for organophosphate poisoning. Because of the life- 
threatening effects of a nerve agent intoxication, first responders or 
military personnel may need fast results which cannot easily be obtained 
by laboratory analysis. To overcome this limitation, on-site tests may be 
used, such as the user-friendly cholinesterase (ChE) mobile test kit, 
which was designed for whole blood [36]. The toxicological mechanism 
of organophosphate poisoning is acetylcholinesterase (AChE) and BChE 
inhibition [7], which is the basis of the detection principle used by the 
field kit. The application of the Ellman photometric assay produces a 
yellow color after reaction with AChE or BChE [37,38]. It is expected 
that this portable technique is not only suitable for whole blood, but also 
for DBS analysis. 

Chemical threat agents that have been scarcely studied are the 
Novichok nerve agents, which have only recently been added to 
Schedule 1 of the Chemical Weapons Convention (CWC). In 2021 two 
studies identified biomarkers for Novichok compounds in blood 

Fig. 1. Method for biomarkers analysis in dried blood spots after nerve agent incubation of human whole blood. Blood was incubated with sarin (GB), Novichok A- 
230, A-232, or A-234. Subsequently, 25 and 50 µL blood was spotted on a protein saver card and dried. Various biomarkers could potentially be detected. 1) The 
nerve agents itself and its 2) hydrolysis metabolites; 3) tyrosine adducts in albumin; 4) nonapeptide with serine adduct in butyrylcholinesterase (BChE); 5) the 
acetylcholinesterase (AChE) or BChE activity; and finally, 6) the protein adducts can be reactivated by fluoride resulting in the release of the original nerve agent. 
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samples, based on mass spectrometric analysis of a nonapeptide adduct 
[39,40]. In addition, human serum albumin protein modifications of 
Novichok A-234 in blood can be detected by LC-MS/MS [41,42] while 
the intact or regenerated nerve agent can be identified by both GC–MS/ 
MS and LC-MS/MS [42]. Lastly, degradation products in urine could be 
found by LC-MS/MS after derivatization [43] or by hydrophilic inter
action liquid chromatography-tandem mass spectrometry (HILIC-MS/ 
MS) [44]. Up to now, to our knowledge, no studies have been published 
concerning the detection of Novichok agents in dried blood spots or by 
using these samples for on-site point-of-care diagnosis by measuring the 
cholinesterase activity. 

Therefore, the aim of this research is to explore whether dried blood 
spots can be used for both on-site and laboratory analysis of nerve agent 
biomarkers. A variety of analytical techniques were used for the iden
tification of the specific agent (Fig. 1). After incubation of blood with 
sarin (GB) and three types of Novichok nerve agents at various con
centrations, dried blood spots were prepared and processed according to 
the procedure for the particular biomarkers. LC-MS/MS was used to 
analyze phosphonylated tyrosine adducts, hydrolysis metabolites, and 
BChE adducts by applying the nonapeptide assay. Both LC-MS/MS and 
gas chromatography-tandem mass spectrometry (GC–MS/MS) were 
utilized for analyzing the intact nerve agent either present as free agent 
in the sample or as reactivated organophosphate after fluoride reac
tivation. In this article a toolbox is provided for the verification of 
exposure to nerve agents by combining a portable technique and state- 
of-the-art laboratory analysis to enable fast and reliable diagnosis after 
potential organophosphate intoxications. 

Experimental 

Safety 

Due to the potent nature of nerve agents, all experiments were per
formed by trained personnel in the dedicated High-Tox facility at TNO 
(Rijswijk, The Netherlands), which is allowed under the Chemical 
Weapons Convention to synthesize and handle chemical warfare agents 
for research purposes. The chemicals were handled in solution and the 
concentrations were kept as low as possible to reduce the hazard. Pre
cautions were taken to prevent accidental exposure, including the use of 
gloves and eye protection. 

Chemicals 

The nerve agents GB (o-Isopropyl methylphosphonofluoridate, CAS: 
107–44-8), Novichok A-230 (methyl-(1-(diethylamino)ethylidene) 
phosphonamidofluoridate, CAS: 2387496–12-8), A-232 (Methyl (1- 
(diethylamino)ethylidene)phosphoramidofluoridate, CAS: 2387496–04 
-8), and A-234 (Ethyl (1-(diethylamino)ethylidene)phosphoramido
fluoridate, CAS: 2387496–06-0) were synthesized in the high-tox facility 
of The Netherlands Organization for Applied Scientific Research (TNO, 
Rijs-wijk, The Netherlands). The purities of the synthesized compounds 
exceeded 95% as demonstrated by nuclear magnetic resonance (NMR), 
gas chromatography-mass spectrometry (GC–MS), and liquid chroma 
tography-mass spectrometry (LC-MS). Butyrylcholinesterase mono
clonal antibodies 3E8, diethyl ether, dynabeads protein G, and hydro
chloric acid were obtained from Thermo Scientific (Waltham, MA, USA). 
Acetic acid, ammonium bicarbonate (ABC), dimethyl pimelidate (DMP), 
ethyl acetate, formic acid, pepsin from porcine gastric mucosa (≥2,500 
units/mg protein), phosphate buffered saline with 0.05% Tween-20 (PT 
buffer), phosphate buffered saline (PBS), potassium fluoride, protease 
from Streptomyces griseus (pronase, ≥3.5 units/mg solid), sodium bi
carbonate, triethanolamine buffer (0.2 M), and tris buffered saline, were 
obtained from Sigma-Aldrich (Zwijndrecht, The Netherlands). Addi
tionally, dichloromethane (DCM, Biosolve), isopropanol (IPA, Acros 
Organics), and water (MilliQ, SimPak® 1) were employed. Acetone, 
acetonitrile, chloroform, and hexane were purchased from Biosolve 

(Valkenswaard, The Netherlands). The purities of the chemicals excee
ded 97%. Human blood containing EDTA anticoagulant was obtained 
from Sanquin (Amsterdam, The Netherlands). 

Preparation of dried blood spots 

For each nerve agent two incubated samples were prepared with 
different concentrations. A solution of GB, A-230, A-232, or A-234 (100 
µL, 1 µM) in IPA was added to 3 mL of human blood (final concentration 
33 nM) to achieve an inhibition of 100% (assuming 3 nM AChE and 
30–45 nM BChE in human whole blood). It should be noted that a 100% 
inhibition is based on the average level of ChE in human blood. Because 
there is some variation between people, the inhibition can be lower than 
100% or there can be a small excess of nerve agent that does not react. 
To make it more likely that all ChE has reacted, another sample was 
prepared with a large excess of nerve agent. In this case, either 100 µL of 
13 µM or 40 µM nerve agent in IPA was added to 3 mL of blood (final 
concentration 0.4 µM or 1.3 µM). The samples were incubated overnight 
with gentle shaking at 50 rpm. Afterwards solutions of 25, 50, and 75% 
nerve agent inhibited samples were made, by mixing the blank and the 
100% inhibited sample in various ratios. Five blood spots with a volume 
of 25 and 50 µL of each sample were spotted on Whatman 903TM protein 
saver cards and dried overnight under ambient conditions. Next the 
cards were stored for 3 days up to 3 months at 20–25 ◦C and 50–70% 
relative humidity. The size of the DBS that was further processed was 
dependent on the analysis method. Either a 25 µL spot was cut in half 
(12.5 µL), or a 25 or 50 µL spot was collected by using a small pair of nail 
scissors. 

On-site analysis of dried blood spots 

For the portable assessment of cholinesterase inhibition, the ChE 
check mobile test kit was used, based on a reference method developed 
by Worek et al. [38]. The suggested protocol included the use of 10 µL 
whole blood, which could be obtained by using a finger-prick device. In 
this research initial experiments were performed with 10 µL liquid blood 
as well. This was later extended to the application of half a spot (12.5 µL) 
created from a volume of 25 µL whole blood, which was cut and brought 
into a vial with 2 mL buffer, that was provided with the ChE check 
mobile test kit. The DBS was extracted for one hour with gentle shaking. 
Afterwards, the cap was replaced for a reagent cap and either the AChE 
or BChE activity was measured by the ChE check mobile test kit 
(Securetec, Neubiberg, Germany). 

Protein isolation and digestion from dried blood spots 

Human butyrylcholinesterase adducts 
The 25 µL spots, inhibited with an excess of 0.4 µM, were extracted in 

0.5 mL PBS for 30 min with gentle shaking. A volume of 200 µL was 
added to the KingFisher magnetic particle processor (mL system, 
Thermo Fisher, Waltham, MA, USA) for isolation of human BChE using 
anti-HuBChE antibodies conjugated to magnetic beads according to the 
method as described by D. Noort et al. [39]. After digestion with pepsin 
the nonapeptide adduct could be analyzed with LC-MS/MS as described 
in section 2.6. 

Tyrosine adducts 
In addition, samples were digested by pronase using a method 

designed for the analysis of tyrosine adducts after sarin exposure [3]. A 
volume of 100 µL whole blood or a 50 µL-based dried blood spot 
extracted in 0.5 mL PBS was added to a 2 mL Eppendorf vial with 0.6 mL 
of acetone for protein precipitation. After centrifugation at 14000 rpm 
for 5 min (Eppendorf 5417R), the acetone layer was discarded, and the 
protein precipitate was allowed to dry in the air at ambient temperature 
for 30 min. Then, the isolated protein was dissolved in 400 µL of aqueous 
ABC buffer (50 mM) and an aqueous solution of 100 μL of pronase (10 

M. de Bruin-Hoegée et al.                                                                                                                                                                                                                     



Forensic Chemistry 35 (2023) 100526

4

mg/mL in 50 mM ABC). The samples were incubated for 90 min in a 
Thermoshaker (Grant-bio PHMT) at 50 ◦C and 500 rpm. Subsequently, 
the digest was purified using a reversed phase solid phase extraction 
(SPE) C18 column (Bakerbond SPE™) [45]. After drying under nitrogen, 
the sample was dissolved in 50 μL water with 0.2% v/v formic acid and 
analyzed with LC-MS/MS as described in Section 2.6. 

Phosphonic acid metabolites 
Additionally, the samples were prepared for phosphonic acid anal

ysis, based on sample preparation procedures for blood plasma. First 
400 µL of the PBS extract of a 50 µL-based DBS and 100 µL 10 M HCl to 
protonate the phosphonic acids, were mixed in a 4 mL vial. Then, the 
sample was extracted four times with 2 mL diethyl ether/acetonitrile 
(85/15 %v/v). Finally, all extracts were combined and dried under ni
trogen. Subsequently, the residue was dissolved in 50 μL water with 
0.2% v/v formic acid and analyzed with LC-MS/MS as described in 
Section 2.6. 

Intact agent analysis and fluoride-induced reactivation of protein adducts 
For intact agent analysis, liquid extraction was performed with 300 

µL DCM for 200 µL whole blood or a 50 µL DBS. The extract was sub
sequently analyzed by GC–MS as described in Section 2.6.2. For the 
fluoride reactivation [3,42] a 4 mL vial was filled with 400 µL liquid 
blood or a 400 μL PBS extract of a 50 µL dried blood spot and 1.2 mL 
acetate buffer (0.2 M, pH = 3.5), and placed in a water bath at 25 ◦C. 
After 10 min, 75 µL potassium fluoride solution (5.25 M) was added 
resulting in a final fluoride concentration of 250 mM. The vial was kept 
in the water bath for 15 additional minutes at 25 ◦C. Afterwards, the 
sample was loaded on the conditioned cartridge and washed with 0.5 
mL, 0.8 M sodium bicarbonate solution. Then the sample was eluted 
with 2 mL chloroform and collected in a centrifugal tube. The water was 
frozen by holding the tube in dry ice mixed with acetone. The organic 
layer was collected and added to a 4 mL vial together with 150 µL ethyl 
acetate. The sample was concentrated under a gentle stream of nitrogen 
until a final volume of 100–150 µL was reached and subsequently 
analyzed by GC–MS/MS, as described in Section 2.6.3. Conditioning of 
the cartridge was performed as follows: a NEXUS LRC cartridge (Agilent 
Technologies) with a bed mass of 60 mg and a volume of 10 mL was 
conditioned with subsequently 2 mL hexane, two times 4 mL ethyl ac
etate, two times 4 mL chloroform, and two times 5 mL water. 

Instrumental analysis 

LC-MS/MS 
The nonapeptide and tyrosine adducts and the hydrolysis products of 

GB, Novichok A-230, A-232, and A-234 were analyzed on a Waters 
Acquity ultra-high pressure liquid chromatographic (UPLC) system 
equipped with a Waters Acquity HSS T3 C18 column (1.8 µm, 2.1 × 100 
mm). Samples were kept at 8 ◦C in the autosampler and the injection 
volume was 5 μL. The analysis was performed at room temperature with 
a gradient flow of 100 μL/min. Eluent A was 0.2 v% formic acid in MilliQ 
water and eluent B was 0.2 v% formic acid in acetonitrile. The optimized 
gradient elution settings are specified in Section 2 of the Supplemental 
Information. The UPLC system was coupled to a Waters (Milford, MA, 
USA) Xevo TQ-S triple-quadrupole mass spectrometer, equipped with 
electrospray Ionization for detection of the analytes in positive ioniza
tion mode. A capillary voltage of 3.5 kV was used with a nitrogen cone 
gas flow of 150 L/h and an argon collision gas flow of 0.19 mL/min. For 
each category of biomarkers, all nerve agents could be analyzed with a 
single chromatographic method [39]. Data was first acquired in full scan 
mode and afterwards in multiple reaction monitoring (MRM) mode. The 
monitored mass transitions can be found in Section 2 of the Supple
mental Information. Compounds were identified by comparison with 
reference standards, in accordance with OPCW guidelines for biomed
ical analysis [39]. 

GC–MS 
The intact agent was analyzed on an Agilent 7890B GC equipped 

with an Agilent VF-5 ms column (5% phenylmethyl polysiloxane, 30 m 
× 0.25 mm × 0.25 µm). One microliter sample was injected using an 
autosampler (Combi Pal, Ctc analytics). Helium was used as the carrier 
gas at a constant flow of 1 mL/min. The GC injector was operated in 
splitless mode at 275 ◦C. The split vent was opened at 0.5 min at 50 mL/ 
min. The oven temperature was maintained at 90 ◦C for 1 min., then 
ramped at 10 ◦C/min. to 325 ◦C, and held for 5 min. Detection was 
performed with an Agilent 5977A MS, which operated in electron 
ionization (EI) mode with an ionization potential of 70 eV and a scan 
range of 25–550 mass units. A solvent delay time of 2.6 min was applied. 
Compounds were identified by comparison with reference standards. 

GC–MS/MS 
The free nerve agent and the reactivated organophosphates after 

fluoride addition were also measured on an Agilent 8890 GC with an 
Agilent VF-5 ms column (5% phenylmethyl polysiloxane, 30 m × 0.25 
mm × 1 µm). A volume of 1 μL was injected with a PAL RTC autosam
pler. A helium column flow of 1 mL/min was used. The GC injector was 
operated in splitless mode at 280 ◦C. The split vent was opened at 0.5 
min with a flow of 50 mL/min. The oven temperature was maintained at 
40 ◦C for 1 min, then ramped at 10 ◦C/min to 240 ◦C, and then increased 
at 100 ◦C/min to 280 ◦C, which was maintained for 3 min. The GC 
system was coupled to an Agilent 7000D triple-quadrupole mass spec
trometer, which was operated in electron ionization (EI) mode. Nitrogen 
was used as a collision gas at 1.5 mL/min and a quench flow of 2.25 mL/ 
min helium was applied. The solvent delay time was 3 min. Data were 
acquired in MRM mode. The monitored mass transitions and quantifi
cation method are described in Section 2 of the Supplemental Infor
mation. The method was in agreement with the OPCW guidelines for 
biomedical analysis [46]. 

Results & discussion 

On-site analysis of cholinesterase inhibition 

Fig. 2 shows the reduced cholinesterase activity after nerve agent 
inhibition of blood. As expected, a negative linear correlation was 
observed after exposure to GB or Novichok nerve agents. For GB, blood 
was exposed to an excess of nerve agent (1.3 µM), to enable occupation 
of all accessible protein sites. It was expected that the remaining non- 
reacted GB would be hydrolyzed after one day and would be inca
pable of reacting with the non-exposed blood when mixing exposed and 
non-exposed blood in various ratios. For the Novichoks a 40 times lower 
concentration was applied (33 nM), because intact nerve agent 
remained in the sample, as described in section 3.3. This would other
wise react with the non-exposed blood when mixing in various ratios 
resulting in a lower ChE activity (Fig. S4 in the Supplemental Informa
tion). For all Novichok variants tested the same degree of inhibition was 
observed, hence it was decided to present the average value for all 
variants in Fig. 2. Because of the limited number of supplies for the ChE 
check mobile test kit, only three concentrations were evaluated for AChE 
inhibition of Novichok nerve agents. Fig. 2 illustrates activities 
measured in dried blood spots one month after storage of the dried blood 
spots at ambient conditions. The activities shown for non-exposed blood 
correspond well with reference values for AChE and BChE activity of 
respectively 33 – 49 U/gHb and 1623 – 3861 U/L, reported by Worek 
et al. based on blood analysis of 242 volunteers [36]. For BChE similar 
behavior for liquid blood and dried blood spots is observed, although the 
dried blood spot consistently yields slightly lower activity. However, the 
AChE activity in dried blood spots was considerably lower than the 
activity in whole blood. This might be due to loss of AChE in vesicles that 
are generated during the concentration of red blood cells, which results 
in a reduced enzymatic activity [47]. Therefore, the AChE activity 
measurement of DBS does not provide a reliable indicator of CWA 
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exposure. Interestingly, the activities measured in dried blood spots did 
not significantly change over a period of three months (Fig. S5, Sup
plemental Information), which makes it a promising tool for retrospec
tive nerve agent diagnosis. 

Detection of BChE nonapeptide adducts by LC-MS/MS 

A more specific method to verify nerve agent exposure and identify 
the agent is by utilizing a semi-targeted human butyrylcholinesterase 
nonapeptide assay. The nonapeptide adducts of sarin and Novichok 
nerve agents (incubation level 0.4 µM) were identified in dried blood 
spots, one month after storage of the dried spots at ambient conditions, 
as illustrated in Fig. 3. The biomarkers were verified with the use of 
references of Novichok spiked in plasma. Although the assessment of 
Novichok exposure in human plasma has been investigated before [39], 
the current research demonstrated for the first time that these BChE 
adducts can also detected in dried blood spots. 

In addition, the sensitivity of the method was assessed. Fig. 4 shows 
the extracted ion chromatograms of the nonapeptide adduct of A-234 for 
various percentages of inhibited blood. In a 25 µL dried blood spot with 
50% inhibition, the biomarker could clearly be identified, while at 25% 
inhibition its presence is near the detection limit. The presence of the 
biomarker did not show a linear trend, which is likely due to losses 
which occurred during the extensive sample preparation procedure. In 
future research, this might be resolved by using an internal standard, 
that could be added prior to the sample preparation. To give an indi
cation how the DBS method relates to the direct detection of the non
apeptides in blood, a reference of Novichok A-234 was spiked in 12.5 µL 
plasma. The BChE was isolated with the same batch of magnetic beads 
and subsequently digested with the same pepsin solution. This should 

then in principle give a similar biomarker concentration as for the 25 µL 
DBS (assuming 55% of plasma in blood). As demonstrated in Fig. 4E-F, a 
1.5-fold reduction in sensitivity is visible for DBS compared to plasma. 

Analysis of free and regenerated nerve agent by GC–MS/MS and LC-MS/ 
MS 

The unambiguous verification of nerve agent exposure requires the 
identification of multiple biomarkers or the application of at least two 
analytical techniques [46]. A suitable supplementary method is the 
analysis of nerve agents after fluoride-induced reactivation by GC–MS/ 
MS and LC-MS/MS. Earlier research demonstrates that very low con
centrations, even below toxicologically relevant exposure levels, could 
be monitored in plasma and serum using this reactivation procedure 
[48,49]. Therefore, the current study evaluates whether this method 
could be extended to dried blood spots as well. Fig. 5 demonstrates that 
regenerated sarin was detected by GC–MS/MS using dried blood spots. 
The same result was found for liquid whole blood (Fig. S6 in the Sup
plemental Information). No intact sarin was detected in dried spots of 
human whole blood, exposed to this nerve agent, without KF addition. 
This confirms that the analyzed sarin is the result of regeneration after 
KF addition and hence was bound to the biomatrix. A concentration of 5 
ng/mL was established (n = 3) after processing of a 50 µL dried blood 
spot. This is a higher level than expected based on the available ChE 
sites. A partial explanation would be the formation of other protein 
adducts besides ChE-adducts. In addition, it is likely that some solvent 
was evaporated during the sample preparation, resulting in a more 

Fig. 2. Cholinesterase activity of 10 µL liquid blood (□) and half a 25 µL-based 
DBS (12.5 µL) (○), one month after storage of the dried spots at ambient con
ditions. For GB an excess of 1.3 µM incubation was assumed to give 100% in
hibition. For Novichok the fraction of blood incubated with 33 nM Novichock 
nerve agent is shown. A) AChE activity after GB inhibition (n = 7), B) Average 
AChE activity after Novichok inhibition A-230, A-232, and A-234 (n = 3), C) 
BChE activity after GB inhibition (n = 8), D) Average BChE activity after 
Novichok A-230, A-232, and A-234 inhibition (n = 9). Error bars represent ± 1 
standard deviation (for clarity only positive error bars are shown for BChE 
activity of liquid blood and negative error bars for DBS). 

N N
PR

F
O

N
N

P

O

R

O
P

O

O

FGESAGAAS

N N

FGESAGAAS

N N
P

O

O

O
FGESAGAAS

N N
P

O

O

O

N

O
P

O

O

FGESAGAAS

O
P

O

O

HO

FGESAGAAS

N N
P

O

O

FGESAGAAS

N N
P

O

O

O

-230

N N
P

O

O
F

A-234

FGESAGAAS

O
P

O

O

HO

FGESAGAAS

N N
P

O

O

FGESAGAAS

O
P

O

O
FGESAGAAS

P

O

O

Fig. 3. Extracted ion chromatograms of human BChE adducts measured in 
100% inhibited dried blood spots (25 µL, 0.4 µM), one month after storage of 
the dried spots at ambient conditions. A) Sarin (m/z 916.3 → 778.3), B) Nov
ichok A-230 (m/z 970.4 → 778.3), C) Novichok A-232 (m/z 986.4 → 778.3), D) 
Novichok A-234 (m/z 1000.4 → 778.3). 
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concentrated sample. 
The same procedure was applied to the Novichok nerve agents. Both 

GC–MS/MS and LC-MS/MS were employed, but the LC-MS/MS method 
appeared to be more sensitive since a 1 ng/mL sample was not detected 
by GC–MS/MS, while LC-MS/MS still showed a clearly visible peak. It 
should be noted that the current study mainly focuses on qualitative 
research, therefore future validation should verify this finding. Fig. 6 
shows the LC-MS/MS chromatograms of A-232 analyzed in dried blood 
spots without KF addition (control), and with KF addition (KF), 
compared to a reference standard. The peak areas of the nerve agents are 
similar or higher in the control samples than in the KF-regenerated 
samples. The same result was found for A-230 and A-234 in dried 
blood spots and for the Novichok nerve agents in liquid whole blood 
(Section S5 and S6 in the Supplemental Information). No excess of 
Novichok agents (33 nM) was added during the in-vitro exposure, which 
suggests that not all available cholinesterase sites have been occupied 
and that the remaining chemical is not hydrolyzed. The latter is in 

accordance with previous research stating that the hydrolysis rate of 
Novichoks is considerably slower than for sarin [50]. Since intact nerve 
agent was detected at the same or higher level in both liquid whole 
blood and dried blood spots without KF addition compared to the 
samples with KF addition, it appears that no fluoride regeneration has 
occurred. This is a somewhat surprising observation, since the current 
study does not support the conclusions of Mirbabaei et al. [42]. In this 
previous study no control samples without KF addition were shown. 
Although two methods were used for the removal of free A-234, this 
might have been ineffective. The observed A-234 in the KF samples 

Fig. 4. Extracted ion chromatograms of human BChE adducts of Novichok A- 
234 measured in 25 µL dried blood spots (excess exposure of 0.4 µM), one 
month after storage of the dried spots at ambient conditions (m/z 1000.4 → 
778.3). Corresponding retention times and peak areas are shown. A) sample 
preparation blank, B) 25%, C) 50%, D) 75%, E) 100% inhibited blood and F) 
Reference of Novichok A-234 spiked in 12.5 µL plasma (100% inhibition). 

Fig. 5. Extracted ion chromatograms of regenerated sarin in dried blood spots 
(50 µL, 33 nM) after fluoride reactivation analyzed by GC–MS/MS, three days 
after storage of the dried spots at ambient conditions (m/z 99 → 81). Corre
sponding retention times and peak areas are shown. A) Reference standard of 
sarin, B) Dried blood spots exposed to sarin without KF addition (control), C) 
DBS exposed to sarin with KF addition. 

Fig. 6. Extracted ion chromatograms of intact Novichok A-232 (211 → 73.8) in 
dried blood spots (50 µL, 33 nM) analyzed by LC-MS/MS, three days after 
storage of the dried spots at ambient conditions. Corresponding retention times 
and peak areas are shown. A) Reference standard, B) Dried blood spots exposed 
to nerve agent without KF addition (control), C) DBS exposed to nerve agent 
with KF addition. 
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could then originate from free agent instead of the regenerated agent, 
similar to the findings in the current study for both liquid and DBS 
samples of A-230, A-232, and A-234. Therefore, it is more relevant to use 
the intact Novichok nerve agent for retrospective analysis of Novichok 
nerve agent exposure in comparison with the fluoride reactivation 
method. 

Limitations of dried blood spot analysis 

In addition to phosphonylated serine adducts, tyrosine adducts in 
blood have also been used as marker to verify sarin poisoning, although 
lower concentrations were reported for this biomarker [3]. Other studies 
confirm the presence of such adducts after the processing of a 400 µL 
dried blood spot [23]. However, in the current study no tyrosine adducts 
have been detected after the sample preparation of a 50 µL dried blood 
spot. Since the primary ChE targets will interact first and then the sec
ondary albumin sites, experiments were also performed with blood 
incubated to an excess (1.3 µM) of chemical agent to make it more likely 
that all available protein adduct sites were occupied. However, after 
excess addition no albumin adducts were detected. This is most likely 
due to the limited sample volume handled with DBS, which results in an 
adduct concentration below the detection limit in the final extract. 

The dried blood spots exposed to excess sarin (1.3 µM) were also 
screened for the hydrolysis products IMPA and MPA using LC-MS/MS. 
The latter was not detected and IMPA could not unambiguously be 
identified because only one mass transition was found at a low level 
(Fig. S10 in the Supplemental Information). Phosphonic or phosphoric 
acids of Novichok nerve agents were also not detected in the extracted 
ion chromatograms at m/z 193.1, 209.1, and 223.1. The subsequent 
hydrolysis products methyl phosphonic acid, monomethyl, and mono
ethyl phosphate could also not be detected at m/z 97.0, 113.0, and 
126.0, respectively. Shaner et al. demonstrated the possibility to analyze 
organophosphate hydrolysis products in dried blood spots by hydro
philic interaction liquid chromatography (HILIC) [20]. Future research 
could focus on applying this method to dried blood spots exposed to 
Novichok nerve agents as well. 

Conclusions 

A toolbox of analytical techniques was developed for the retrospec
tive analysis of nerve agent exposure using dried blood spots. We have 
demonstrated the possibility of on-site point-of-care diagnosis after sarin 
and Novichok nerve agent exposure using the ChE mobile test kit for 
BChE activity measurements. An advantage of using DBS compared to 
liquid whole blood is the less invasive sample collection and the possi
bility to store the sample under ambient conditions and conduct the 
analysis at a later stage. In addition, laboratory analysis of nonapeptide 
adducts with LC-MS/MS enabled a sensitive and selective manner to 
verify exposure and identify the agent involved. Additionally, the 
analysis of fluoride-induced regenerated sarin by GC–MS/MS provided a 
suitable supplementary method for verification purposes. For the first 
time the feasibility of detecting regenerated sarin in dried blood spots 
was demonstrated. For the Novichok nerve agents, no regenerated 
Novichok was detected. However, the intact chemical would be a 
valuable biomarker for unambiguous verification. This work shows that 
the corresponding nerve agent biomarkers in dried blood spots are very 
stable and can be detected at least one month after application on a 
protein saver card and storage under ambient conditions. Furthermore, 
the implementation in forensic practice is relatively straightforward due 
to the less invasive sample collection and safer and easier shipping and 
storage conditions. Future research should focus on the improvement of 
the sample preparation methods to further lower the detection limit and 
fully validate the quantitative method. In conclusion, the on-scene 
analysis of biomarkers in dried blood spots followed by laboratory 
verification is a promising analysis scheme to verify nerve agent expo
sure. This should however be confirmed in practice with regular and 

dried blood spot samples from an alleged exposure victim or animal 
model exposure studies. Fortunately, CWA exposure incidents are rela
tively rare which can hamper field validation. 
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