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Abstract (50–250 words) 

Organophosphorus compounds (OPs) continue to represent a significant chemical threat to humans 

due to exposures from their use as weapons, their potential storage hazards, and from their 

continued use agriculturally.  Existing methods for detection include ELISA and mass 

spectrometry.  The new approach presented here provides an innovative first step toward a portable 

OP quantification method that surmounts conventional limitations involving sensitivity, 

selectivity, complexity, and portability.  DNA affinity probes, or aptamers, represent an emerging 

technology that, when combined with a mix-and-read, free-solution assay (FSA) and a 

compensated interferometer (CI) can provide a novel alternative to existing OP nerve agent 

(OPNA) quantification methods.  Here it is shown that FSA can be used to rapidly screen 

prospective aptamers in the biological matrix of interest, allowing the identification of a ‘best-in-

class’ probe.  It is also shown that combining aptamers with FSA-CI enables quantification of the 

OPNA metabolites, Sarin (NATO designation “G-series, B”, or GB) and Venomous Agent X (VX) 

acids, rapidly with high selectivity at detection limits of sub-10 pg/mL in 25% serum (by volume 

in PBS).  These results suggest there is potential to directly impact diagnostic specificity and 

sensitivity of emergency response testing methods by both simplifying sample preparation 

procedures and making a benchtop reader available for OPNA metabolite quantification.  
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1.0 Introduction 

During the siege of Khirra in 600 BCE, the Athenian army used hellebore to poison the city’s 

water source, causing the defenders to become so weak with diarrhea that the Athenians beat them 

quite easily (Mayor 2003).  In the intervening two and a half millennia, humanity has seen no 

shortage of advancements in the field of chemical warfare, with several of the most widely used 

weapons of chemical warfare belonging to the family of organophosphorus nerve agents (OPNAs).  

During the cold war, sarin gas, VX, and novichok agents were produced (Vucinic et al. 2017) and 

stockpiled by both the United States and the USSR (Wiener and Hoffman 2004).  These agents 

were used against Iranian and Kurdish troops during the Iran-Iraq war, and during the Persian Gulf 

War, OPNAs affected both combatants and civilians (Holstege et al. 1997).  Even within the past 

two decades, OPNAs were used in several instances that resulted in thousands of civilian exposures 

(Kyle 1999; Rosman et al. 2014; Stone 2018).  Conventional tests lack the selectivity to identify 

the specific OPNA used, and testing is not always readily available at the site of an exposure.   

1.2 Organophosphorus Nerve Agents. OPNAs are odorless and colorless that act by blocking 

the binding site of acetylcholinesterase (AChE), inhibiting the breakdown of acetylcholine 

(Holstege et al. 1997).  The resulting buildup of acetylcholine leads to the inhibition of neural 

communication to muscles and glands and can lead to increased saliva and tear production, 

diarrhea, vomiting, muscle tremors, confusion, paralysis and even death (A. and A. 1998; Mangas 

et al. 2017).  Long-term effects of acute organophosphorus (OP) poisoning includes low serum 

and erythrocyte AChE levels, neurological damage, psychiatric effects, dermatological disorders, 

and sleeplessness. (A. and A. 1998; Talabani et al. 2017).  While the onset of symptoms is often 

rapid, within minutes to hours, some symptoms can take much longer to present.  Diagnosis of 

exposure is typically based on symptoms and is often confirmed by measuring OPNA adducts to 

butyrylcholinesterase (BChE) in blood (Wiener and Hoffman 2004).    

The effects from chronic, low level OP exposure are not usually as severe as exposure at higher 

levels (Ray and Richards 2001; Salvi et al. 2003), yet still include peripheral nervous system 

(Baker and Sedgwick 1996; Bowman et al. 1989; Dési and Nagymajtényi 1999) and respiratory 

damage (Hulse et al. 2014), along with depression and cognitive impairment (Phillips and 

Deshpande 2016).  In fact, OP poisoning kills about 200,000 people annually worldwide (Gunnell 

et al. 2007).  Since low level OP exposures do not typically evoke observable cholinergic 

https://en.wikipedia.org/wiki/Diarrhea
https://en.wikipedia.org/wiki/Butyrylcholinesterase
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symptoms such as lachrymation, salivation, meiosis, or muscle fasciculation, it is often difficult to 

accesses exposure based on symptoms or cholinesterase activity (Bloch-Shilderman et al. 2018).  

Since OPNAs are odorless and colorless (Ellison 2008), detecting occupational exposure is 

difficult by observational means.  Further, even intermediate exposure, which results in flu-like 

symptoms, can represent a case where AChE inhibition never reaches a quantifiable level (Ray 

and Richards 2001).  In short, current detection methods based either on symptoms or cholinergic 

activity are insufficient to confirm chronic low/mid-level exposure from OPs.   

1.3 Detecting OPNA Exposure.  OPNA exposure is based on enzymatic activity testing or by 

detection of the OPNAs or their metabolites directly.  Techniques include ELISA (Viveros et al. 

2006; Walton et al. 2012), bead arrays (Du et al. 2011), engineered-nanopore technologies (Wang 

et al. 2009), and label-free techniques, such as surface plasmon resonance (SPR), quartz-crystal 

microbalance (Funari et al. 2013), wave-guided interferometry (Zourob et al. 2007), and mass 

spectrometry (MS) (Knaack et al. 2012).  Field deployable photometric dipstick assays do exist, 

but these methods have limited sensitivity (10-7-10-5 M) (No et al. 2007), false positives, matrix-

dependent sample processing (Apilux et al. 2015), or interference from sample matrices such as 

blood.  Two commonly used OPNA exposure quantification methods include liquid 

chromatography coupled to tandem mass spectrometry (LC-MS/MS) and the Test-mate ChE 

Assay (Knaack et al. 2012; Rajapakse et al. 2011).  LC-MS/MS exhibits relatively high sensitivity 

and specificity, yet it requires a multi-step extraction/concentration procedure (Knaack et al. 2012).  

LC-MS/MS methodology is not field deployable.  The Test-mate ChE assay has been shown to be 

a promising field-kit, with a transduction method based the modified Ellman method which 

measures the activity of red blood cell AChE and plasma BChE (Ellman et al. 1961).  This kit 

produces results within 4 minutes, requires ~10 µL of blood (Rajapakse et al. 2011), yet it is based 

on measuring target OP proteins, AChE or BChE, not the specific OP directly.  Test-mate also 

requires confirmatory measurement of AChE baseline activity to account for intra- and inter- 

person variability (Ellman et al. 1961).  Recently a wearable glove biosensor has been reported, 

where an electrochemical sensor is printed on a disposable nitrile glove enabling “swipe sampling” 

of suspicious surfaces or agricultural products (Mishra et al. 2017).  However, the utility of this 

method is difficult to assess relative to solution-phase biosensing because operation is 

demonstrated by coating a surface with a 200 M OP solution.  To date, development of alternative 
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OP detection techniques have been challenging due to sample volume requirements, poor 

reproducibility, specificity, or sensitivity.  Furthermore, the use of surface immobilization and 

labeling steps make assay development and validation slow and expensive.  Therefore, a free-

solution assay method, represents an innovative alternative for OP detection.  

1.4 The Free Solution Assay. The OP quantification methodology reported here is a free-solution 

assay (FSA) (Bornhop et al. 2016) that is label-free, enzyme-free, and compatible with complex 

matrices.  When combined with a compensated interferometer (CI) (Kammer et al. 2018), the mix-

and-read measurement can be used without relative mass dependency and in native environments, 

allowing for therapeutic screening (Tiefenbrunn et al. 2013), improving in-vitro/in-vivo 

correlations for first-in-human dose estimates (Wang et al. 2017), investigating biological 

mechanisms of action (Luka et al. 2011), and quantifying protein biomarker targets (Olmsted et 

al. 2014).  When combined with aptamer probes (Kammer et al. 2014), FSA(CI) enables rapid, 

high sensitivity (pg/mL), specific assays that enable quantification of two OPNA acids (VX and 

GB) in serum.  The OPNAs studied here were the primary metabolites of Sarin, also known as 

NATO designation G-series, “B” (GB, IUPAC name (RS)-Propan-2-yl 

methylphosphonofluoridate), and venomous agent X (VX, IUPAC name: Ethyl({2-[bis(propan-2-

yl)amino]ethyl}sulfanyl)(methyl)phosphinate). 

1.5 Aptamers as probes. Aptamers are short segments of single-strand DNA or RNA that can be 

quickly and inexpensively selected to bind to desired targets.  They can serve as sensors (Cho et 

al. 2009), therapeutics (Kaur and Roy 2008), and cellular process regulators (Toulme et al. 2004), 

as well as drug targeting agents (Cao et al. 2009; Chu et al. 2006a; Chu et al. 2006b; Chu et al. 

2006c).  The diversity of applications and the varied targets to which aptamers can bind (proteins, 

peptides, and small molecules) stem from the ability of aptamers to form complex three-

dimensional shapes including both helices and single-stranded loops.  Aptamers are selected in 

vitro, are easily stored and transported, and are stable for months to years, making them potential 

alternatives to antibodies or enzymes.  Aptamers work particularly well with FSA because the 

unbound aptamer undergoes a significant conformation change upon binding, resulting in a large 

FSA signal (Bornhop et al. 2016; Kammer et al. 2014).  An added benefit is that the aptamer-target 

signal is produced in absence of chemical modification or labeling.  
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This report contains the first demonstrated use of the CI to screen probes for FSAs and high-

sensitivity assays.  Label-free, solution-phase operation provided rapid selection of “the best-in-

class” probe for the target in the matrix of interest.  Once selected, aptamer-probe binding affinity 

was determined to estimate performance.  Best performing aptamers exhibited KD values from 

16.1 ± 4.4 nM to 41.6 ± 8.3 nM, thereby allowing quantification of the target, GB acid or VX acid 

at the level of 31 pg/mL (224 pM) and 29 pg/mL (231 pM) respectively in 25% serum.  Cross-

species selectivity for either serum assay was determined rapidly, by again using a mix-and-read 

screen.  Response from the screens reported off-target, or interfering, signals well below the limit 

of quantification (LOQ) of the assay for the best-in-class aptamer probe, with the off-target 

concentration needing to be more than a thousand times higher than the target to produce 

quantifiable inaccuracy at the LOQ.  

2.0 Methods 

2.1 Aptamer selection. All OPNA acid aptamers were selected by Base Pair Biotechnologies, Inc. 

(Pearland, TX, USA).  Briefly, 2-aminoethyl monophosphonate (2-AEMP, Sigma Aldrich cat. 

SML0706) was covalently coupled through its primary amine group to aldehyde functionalized 

agarose resin (ThermoFisher Aminolink™ coupling resin, cat. 20381) using the manufacturer’s 

recommended protocol for coupling and mild reduction using cyanoborohydride.  A proprietary 

library of approximately 1015 unique natural DNA sequences were utilized for aptamer selection.   

Following three rounds of selection against the immobilized 2-AEMP, in the 4th round, we: 1) 

again applied the binding population of aptamers to the ligand-beads, 2) washed away weakly 

bound DNA species, and 3) subsequently split the pool of beads into two groups and offered one 

of the specific nerve agent metabolites in free solution as an elution agent and collected the 

resulting aptamer pool released from the beads.  The eluted pools were then amplified by PCR, 

and the second, 5’-phosphorylated strand was digested away using lambda exonuclease.  The 

resulting single stranded pools were then recombined for the next round of exposure to the 2-

AEMP beads followed by specific elution using either VX- or GB-acid.  This process of split-and-

pool SELEX was repeated for 14 rounds.  All binding and wash steps were performed in 1X PBS, 

1% BSA, 1 mM MgCl2, 0.02% baker’s yeast tRNA, and 0.5% Tween-20.  In the 4th round and 

onward, decreasing concentrations of the free target molecule were offered to obtain the tightest 
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binders.  After 14 rounds, the enriched aptamer pools were labeled with unique barcodes via PCR 

and sequenced using an Ion Torrent PGM next-generation sequencer (Thermo Fisher).  For each 

target, bioinformatics analysis was used to choose aptamers for synthesis and functional screening 

in the described assay.   

2.2 Aptamer preparation.  The stock aptamers were reconstituted from the dried pellet to a 

concentration of 100 µM in a modified Phosphate Buffered Saline (PBS) containing 1mM MgCl2, 

10 mM Tris HCl, and 0.1 mM EDTA with pH 7.5.  All further dilutions used this PBS formulation.  

The stock aptamer solution was then diluted to 2 µM (the “Working Concentration”) in PBS.  Once 

diluted to the working concentration, the aptamers were refolded by heating the solution to 90°C 

for 5 minutes in a water bath, then cooled to room temperature for 15 minutes.  This process 

ensures the aptamers were in their desired conformation following lyophilizing and shipping. 

2.3 OPNA acid target solution preparation.  Ethyl methylphosphonate (VX acid) with a 

molecular weight of 124.08 g/mol and density of 1.172 g/mL (9.4 M/L) was obtained from 

Synquest Laboratories (98% pure) in liquid form.  A stock solution of 100 mM was prepared by 

diluting 10.59 µL into 989.41 µL of PBS.  Isopropyl methylphosphonate (GB acid) with a 

molecular weight of 138.10 g/mol and density of 1.087 g/mL (7.87 M/L) was obtained from 

Sigma-Aldrich (98% pure) in liquid form.  A stock solution of 100 mM GB acid was prepared by 

diluting 12.7 µL in 987.3 µL of PBS. 

2.4 Aptamer Screening.  Aptamers were screened in 25% pooled human serum / 75% buffer 

using the FSA method to determine the signal produced by the aptamers upon binding to the target.  

The pooled human serum used in this work was acquired from a commercial source and did not 

meet the definition of human subjects as specified in 45-CFR 46.102 (f).  Six aptamers were 

screened for GB acid and five aptamers were screened for VX acid.  The screen was performed by 

measuring the FSA signal for a high concentration of OPNA acid (500 nM) in the absence and 

presence of the aptamer at a concentration of 100 nM.  These solutions were prepared by first 

diluting the stock aptamers 1:100 in PBS to obtain a 1 µM solution and diluting the OPNA 

metabolite targets 1:250,000 in PBS to obtain a 400 nM solution.  The 400 nM OPNA solution 

was diluted in 100% pooled human serum to produce a 50% serum / 50 % PBS solution containing 

200 nM of OPNA acid target.  The 2 µM aptamer solution was diluted 1:2 in PBS to obtain a 1 
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µM aptamer solution.  Then, 50 µL of the 200 nM OPNA acid solution was mixed with 50 µL of 

the 1 µM aptamer solution to obtain 100 µL of 500 nM aptamer + 100 nM OPNA acid to provide 

the binding sample.  The reference sample was prepared by adding 50 µL of the 1 µM aptamer 

solution to 50 µL of a 50% serum / 50% PBS solution with no OPNA acid target.  Following a 30-

minute equilibration at room temperature, the phase shift between binding and reference solutions 

for each aptamer was measured using CI.  Additionally, to correct for the potential contribution of 

background to the signal from the OPNA acid target in the absence of binding, the response was 

determined by the phase shift between 100 nM OPNA acid and a blank 25% serum / 75% PBS 

solution was measured and subtracted from the aptamer-binding phase shift measurements. 

2.5 Affinity Characterization.  Binding affinity assays were performed in an end-point format as 

described previously (Kammer et al. 2014).  To prepare affinity measurements in 25% serum / 

75% PBS, a 7-point, 1:2 serial dilution of OPNA acid target was created in 50% serum / 50% PBS 

with concentrations ranging from 2000-31.25 nM (for VX 203), with a 0 nM solution prepared 

with just 50% serum / 50% PBS.  A 400 nM aptamer solution was prepared by diluting the 2 µM 

working concentration 1:5 in PBS.  Then 20 µL of each OPNA acid concentration was combined 

with 20 µL of the aptamer solution to create the binding sample.  20 µL of each OPNA acid 

concentration was combined with 20 µL of blank 50% serum / 50% PBS to create the reference 

sample.  This resulted in binding and reference samples with final OPNA acid concentrations 

ranging from 1000-15.6 nM and a 0 nM concentration, and an aptamer concentration of 200 nM 

in the binding samples only with no aptamer in the reference samples, in 25% serum.  The samples 

were allowed to incubate at room temperature for 1 hour, then the phase shift between each 

concentration’s reference and sample was measured.  The resulting phase shift, averaged over five 

replicates, was plotted vs. target concentration.  The 0 nM concentration sample, containing only 

the aptamer, compared to the reference solution (no aptamer or target) provides a measure of the 

background signal contribution due to the aptamer and is subtracted from all concentrations.  

Dissociation constants were then calculated by fitting the data to a single-site saturation isotherm 

using Graphpad PrismTM according to the equation: 
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 𝑦 =  
𝐵𝑚𝑎𝑥∙𝑋

𝐾𝐷+𝑋
 (1) 

2.6 Cross Reactivity.  To assess specificity, the best performing aptamer for each target was tested 

for its binding to the other targets.  For example, the aptamer for GB acid was tested for non-

specific binding to aptamers selected for VX acid, and vice versa.  This determination was 

performed in 25% serum using a similar procedure to the screening experiments.  Here the 

response for the interactions was quantified for both the target and off-target OPNA acid at 0 and 

1000 nM, when incubated with the respective 500 nM 

aptamer.   

2.7 LOQ Determinations and Unknown 

Quantification.  Calibration curves were constructed 

in 25% serum / 75% PBS in a similar manner to the 

affinity determinations with the goal of determining 

the assay analytical figures of merit.  A 9-point, 2:1 

serial dilution was prepared in 50% serum / 50% PBS 

ranging from 20 nM to 0.08 nM, with two additional 

concentrations at 100 and 200 nM, and a zero 

concentration with no OPNA acid target.  The 

aptamer was prepared at a 1000 nM concentration in 

PBS.  Then 20 µL of each OPNA acid concentration 

was combined with 20 µL of the aptamer solution to 

create the binding sample, and 20 µL of each OPNA 

acid concentration was combined with 20 µL of blank 

50% serum / 50% PBS to create the reference sample.  

This resulted in 12 sample-reference pairs with 

concentrations ranging from 100 to 0 nM of the 

OPNA acid target, with 500 nM aptamer in the 

binding sample and no aptamer in the reference. 

Test “unknowns” were prepared by spiking serum 

with a known concentration of the OPNA acid target, 

 

Figure 1: The free solution assay (FSA) 

method  
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diluting to 50% serum in PBS, then 

combining equal amounts with a 1000 nM 

aptamer in PBS solution to serve as the 

binding sample and blank PBS to serve as 

reference.  This resulted in a 25% serum 

solution with 500 nM aptamer in the 

binding sample and no aptamer in the 

reference.  The phase shift between sample 

and reference was fitted to the calibration 

curve to recover the concentration of spiked 

OPNA acid target. 

3.0  Results & Discussion 

3.1 Aptamer Screening. The ideal probe 

for a quantitative interaction assay would: 

1) produce a large, reproducible signal, 2) 

have a high affinity to its target, and 3) exhibit little or no off-target interactions that could result 

in false-positive signals.  One of the advantages of FSA over techniques such as ELISA is that 

probe-target performance can be evaluated quite rapidly using a mix-and-read screening approach.  

This approach is illustrated in Fig. 1, showing how a single serum sample is split into two 10 µL 

aliquots, with one aliquot being combined with the probe aptamer at high concentration and the 

other aliquot combined with a refractive index-matched, non-binding control solution.  Following 

a short incubation period, the FSA signal is quantified by measuring the binding sample and 

reference sample simultaneously in the compensated interferometer.  Since FSA is matrix 

independent these screening determinations can be performed by simply quantifying the signal 

and signal/noise for a number of candidate probes in the desired milieu.   

Fig. 2 illustrates the results of the FSA-CIR screening experiments for the aptamer probe 

candidates.  Here a large concentration of the OPNA acid target (100 nM) was incubated with 500 

nM of each aptamer in 25% serum (the binding sample), and 100 nM of the OPNA acid target was 

incubated with the 25% serum solution (the reference sample).  This experiment is rapid, taking 

Figure 2: Screening results in serum for 11 aptamers.  

A) CI signal and B) signal-to-noise for VX acid 

binding to five aptamers.  C) CI signal and D) signal-

to-noise for GB acid binding to six aptamers. 
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approximately 30 minutes to complete, including sample preparation, incubation and CI analysis 

times.  This simple approach was used to identify which of the aptamer probes displayed the largest 

signal for each OPNA acid target.  Hence, in less than an afternoon, two most attractive aptamer-

probe candidates for each OPNA acid target were selected from 11 starting species.  In this way, 

the FSA method allowed for rapid identification of the best aptamer candidates for further 

investigation.   

As illustrated in Fig. 2A and 2B the best performing aptamers for VX acid were VX203 and 

VX798 (internal nomenclature), providing CI signals of 5143 ± 66 and 4113 ± 97 mrad, 

respectively.  Screening results for the aptamers selected against GB acid are presented in Fig. 2C 

and 2D.  Here the highest screening signal (best candidates) were the GB946 and GB459 aptamers, 

with FSA-CI assay reporting signals of 1194 ± 107 mrad and 767 ± 92 mrad, respectively.  Since 

FSA is a molecular interaction assay that measures conformation and hydration changes (solution 

molecular polarizability) (Bornhop et al. 2016), it has been found that noise in the measurement 

(background) can vary with structure and solution-phase properties, including rearrangement and 

self-association.  Best candidates were selected for the assay by determining the S/N produced by 

the screening results (Fig. 2B and 2D).  The S/N is an invaluable indicator of performance as 

illustrated by a comparison of VX798 or VX109.  While both aptamers gave similar absolute CI 

signals (4112 vs 4436 mrad), VX798 provided nearly double the S/N (42 vs 24) over VX109, 

making VX798 the primary candidate probe for further analysis.  The GB acid aptamer screening 

produced one distinct frontrunner, both in terms of CI signal and S/N, the GB946 species.  Yet 

several other aptamers (GB048, 402 and 459) gave promising screening results.  In this case, the 

S/N determination did not produce a clear choice for the second GB acid aptamer to advance for 

further testing.  Because screening and S/N analysis in urine showed GB459 to be a promising 

candidate (data not shown) this aptamer was also advanced for further characterization  
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3.2 Aptamer Affinity Determinations.  To ensure the aptamer probes exhibit high affinity, a 

property related to selectivity, saturation isotherm binding assays were performed.  These 

measurements also provide insight as to the potential value of the assays in the context of target 

quantification.  The saturation isotherms for each of the two best aptamer candidates to each OPNA 

acid target, enabled binding affinity, KD, to the OPNA acid to be quantified.  The FSA method has 

been used widely for KD determinations (Kussrow et al. 2012; Kussrow et al. 2009) consists of 

holding the aptamer 

concentration fixed at a value 

near the assumed KD, and 

measuring the binding signal 

of the OPNA acid to the 

aptamer as a function of 

concentration.  As shown in 

Fig. 3, aptamer OPNA acid 

affinity measurements all 

yielded R2 > 0.9 and affinity 

values with KDs all in the 

nanomolar range.  

Specifically, the VX203 

aptamer yielded a KD of 35.1 

± 9.5 nM (Fig. 3A), while the alternate aptamer probe (VX798) gave a KD of 41.6 ± 8.3 nM (Fig. 

3B) both determined in 25% serum.  From these two candidates, VX203 was selected as the probe 

for quantitative assays on the merit of its larger signal and higher affinity (lower KD).  Evaluation 

of the GB aptamer candidates yielded affinities of 37.9 ± 8.4 nM (R2 = 0.98) for GB946 (Fig. 3C) 

and 16.1 ± 4.4 nM (R2 = 0.95) for GB459 (Fig. 3D).  With both candidates yielding affinities in 

the 10’s of nanomolar, GB946 was selected as the probe aptamer due to its larger signal (4022 

mrad vs 2380 mrad).  Results of these binding affinity measurements indicate that two excellent 

candidates have been identified, upon which a high-quality serum assay for the VX and GB acids 

can be developed.   

 

Figure 3: Binding affinities in serum.  Saturation isotherm for VX Acid 

binding the aptamer VX203 (A) and the aptamer VX798 (B) in serum.  

Binding affinity saturation isotherm for GB Acid binding the aptamer 

GB946 (C) and the aptamer GB459 (D) in serum.   
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3.3 The Quantitative Assay.  Based on previous experience (Olmsted et al. 2014), it was 

hypothesized that candidate aptamer probes with affinity values in the low nanomolar range often 

produce assays with pM or pg/mL sensitivity with good selectivity.  To confirm this hypothesis, 

calibration curves were constructed for the top two contenders for each target and then evaluated 

the assay performance with two unknowns to determine preliminary quantitative performance.  

Figure 4 presents the result of these calibration investigations, illustrating that the FSA-CI assays 

provide excellent performance.  Specifically, the LOQs, calculated as 3×standard deviation of 

replicate determinations/(calibration curve slope), were determined to be 231 pM (29 pg/mL) and 

224 pM (31 pg/mL) for the quantification of VX acid and GB acid respectively (structures shown 

in Fig. 5A).  Limits of detection (LODs), calculated as 3×instrument baseline standard deviation 

over 5-seconds/(calibration curve slope), were 23 pM (3 pg/mL) and 73 pM (10 pg/mL) for the 

target OPNA 

acids in 25% 

serum.  The 

two-step, mix-

and-read assay 

provides a 

dynamic range 

of ~2.5 orders 

of magnitude 

and requires just 10 µL of serum to perform the assay with >5 replicates per concentration for the 

standards and unknown sample.  By comparison, the most widely used techniques for high-

sensitivity OPNA exposure confirmation are based on mass spectrometric detection of OPNA 

acids (Hamelin et al. 2014; Schulze et al. 2016), adducts to tyrosine (Crow et al. 2014), or BChE 

(Carter et al. 2013; Mathews et al. 2017).  The protein adduct methods report a range of LODs 

from 18-97 pg/mL for tyrosine adducts to 350-4,000 pg/mL for BChE adducts.  The LC-MS/MS 

LODs of OPNA acids in serum were previously reported as 400 pg/mL for GB acid and 500 pg/mL 

for VX acid from 50 µL lysed blood, serum, and plasma specimens.  By comparison, FSA provided 

an LOQ of 30 pg/mL GB acid from 10 µL of serum, without the need for protein precipitation, 

digestion, or extraction steps required in LC-MS/MS methods.  Conventional LC-MS/MS 

quantification of OPNA acids and protein adducts remains an attractive option for confirmatory 

 
Figure 4: Calibration curves for VX (A) and GB (B) acid quantification. 
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testing; however, the method described here yields a more than 130-fold improvement in 

sensitivity with a LOD of 2.9 pg/mL to current LC-MS/MS measurements of OPNA acids, at a 

fifth of the sample volume and without the need for time-consuming sample extraction steps or 

costly and bulky laboratory equipment.   

3.4 Testing Unknowns   As part of assay development, “unknown” determinations were tested 

for accuracy.  Two spiked unknowns were prepared for each target using spiked blank serum.  This 

data is overlaid upon the calibration curves (open circles) in Fig. 4 and shows recovery with an 

average error in the determination of less than 6% (Table 1).  More notably, when plotting the 

spiked concentration versus the determined concentration, as shown in Fig. 5B, the determined 

concentrations lie upon a straight line (R2 > 0.99).  

3.5 Cross Reactivity Screening   Finally, screening assays were performed to evaluate the 

specificity of the aptamer probes.  In this experiment, the two top performing aptamers for each 

Table 1 Comparison of LODs and LOQs, and FSA quantification of unknowns (values in pM) 

Target 

FSA LC-MS/MS1 FSA Unknown Determination 

LOD/LOQ LOD/LOQ 

Spiked 

Concentration 

Determined 

Concentration2 Error 

VX Acid 
23/231 pM 4000/3 pM 500 506 ± 29 1% 

40 43.6 ± 19 9% 

GB Acid 
73/224 pM 3000/3 pM 300 279 ± 39 7% 

500 530 ± 16 6% 
1(Schulze et al. 2016) 
2Average ± standard deviation of 6 replicates 
3No LOQ for direct OPNA measurement reported 

 
 

 

Figure 5: A) Chemical structures of VX acid and GB acid.  B) “Unknown” quantification using the best-in-class 

aptamer provides high accuracy determinations.  C) Cross reactivity measurements tested the signal resulting 

from the best performing aptamers selected for both species incubated with VX acid and GB acid.   
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target were incubated with a high concentration of both targets (1000 nM).  The results of these 

determinations are presented in Fig. 5C, which illustrates that for the two best aptamers, VX203 

and GB946, the level of cross-reactivity is low.  Specifically, VX203 and GB946 produced a signal 

at or below the LOQ for their respective off-targets (LOQ determined from Fig. 4).  Even the 2nd 

best performing aptamers produced a signal near the LOQ of the respective off-target 

quantification assay.   

For example, the LOQ for the VX assay was determined to be 231 pM, corresponding to a CI 

signal of 215 mrad.  However, the 2nd best GB acid aptamer produced a signal of -487 mrad when 

incubated with the high concentration (1000 nM) of VX acid.  Even if only considering the 

absolute magnitude of the signal, GB459 produced a signal only twice the VX acid assay LOQ 

despite a VX acid concentration of 4300 times higher than the LOQ.  If both GB and VX acids 

were present in a sample at the concentration of the LOQ (231 pM), the presence of GB acid would 

only introduce an error of 9.5% in the quantification of VX acid.  An additional metric of 

specificity uniquely available from the FSA method is signal directionality.  In other words, when 

the GB acid aptamer binds VX acid, the result is a negative signal.   

Likewise, the 2nd best aptamer for VX acid, VX798, produced a signal of 120 mrad when incubated 

with GB acid.  The LOQ for the GB acid assay was determined to be 224 pM, which corresponded 

to a CI signal of 52 mrad.  For a GB acid concentration of 4500 times the concentration of the VX 

acid LOQ, the VX acid aptamer only produced a signal equivalent to twice that of the GB acid 

LOQ.  If both targets were present in equal concentration at the LOQ (224 pM), the presence of 

GB acid would result in a 9.9% error to the VX acid quantification.  

These cross-reactivity results suggest that candidate probe aptamers would correctly report which 

nerve agent is present.  As illustrated in Fig. 5A, VX acid and GB acid share remarkably similar 

chemical structures, differing by just one methyl group on the non-polar carbon chain.  Given the 

size of the molecules and their structural similarity, the specificity of the aptamer probes (Fig. 5C) 

are even more noteworthy.  There is a remote chance that the aptamer could interact with a different 

contaminant in the serum but given the magnitude of the KD values and the outcome of the cross-

reactivity experiments, the likelihood of this producing a quantifiable signal that leads to a false 

positive is minimal.  
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4.0 Conclusion 

FSA’s mix-and-read format, combined with CI’s simplicity, low cost, small size, and high level 

of environmental compensation paves the way for the development of a field deployable platform 

for quantifying exposure to chemical warfare agents.  The unique transduction mechanism of FSA 

coupled with aptamer probes and the high sensitivity of CI, facilitated relatively simple 

quantitative assays for VX acid and GB acid with detection limits of 3 pg/mL of VX acid and 10 

pg/mL for GB acid.  The aptamer-FSA determinations are less complex than existing laboratory-

based assays and 2 -3 orders of magnitude below the reported detection limits mass-spectrometry 

based methods.  FSA methodology provides freedom from aptamer probe surface immobilization 

or labeling, maximizing signal, while retaining binding affinity and specificity to the target.  Free-

solution operation also enables rapid screening of perspective probe-target pairs allowing the 

development of quantitative assays to be expedited.     

While the need to ‘index match’ the sample and reference solution does provide matrix-

independent operation, it does represent a potential limitation because accurate pipetting is 

required when preparing assay solutions.  Assay speed is also somewhat limited by the need for 

the solutions to reach equilibrium.  Yet, this is the case for any quantitative assay and there are 

methods to expedite the assay preparation step.  Finally, the current CI is a research (bread-board) 

instrument requires some fineness to align and data analysis is somewhat tedious due to the need 

to manually read the signal for processing.    

Currently, an automated laser-capillary alignment approach and data analysis methodology 

(software) are under development, with the ultimate goal of making CI a user-friendly bench-top 

reader.  Additional future work includes the expansion of the aptamer-FSA method to other 

OPNAs and assay validation in patient samples.  The ultimate goal of these and future studies is 

to develop a mix-and-read assay and field-deployable reader that can be used to identify and 

quantify specific OPNA’s at physiologically relevant levels, with high specificity, on constrained 

sample volumes and at reduced costs relative to existing methods.     
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