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Threats from chemical warfare agents, commonly known as nerve 

gases, constitute a serious security issue of increasing global 

concern because of surging terrorist activity worldwide. However, 

nerve gases are difficult to detect using current analytical tools 

and outside dedicated laboratories. Here we demonstrate that 

surface-enhanced Raman scattering (SERS) can be used for 

sensitive detection of femtomol quantities of two nerve gases, VX 

and Tabun, using a handheld Raman device and SERS substrates 

consisting of flexible gold-covered Si nanopillars. The substrate 

surface exhibits high droplet adhesison and nanopillar clustering 

due to elasto-capillary forces, resulting in enrichment of target 

molecules in plasmonic hot-spots with high Raman enhancement.  

The results may pave the way for strategic life-saving SERS 

detection of chemical warfare agents in the field. 

Nerve gases are polar organic liquids at ambient conditions and 

most of them are organophosphorus esters that are similar in 

structure to insecticides.
1
 VX (Fig. 1a) is a member of the highly 

toxic V-series chemical warfare agents. It is approximately ten times 

more deadly than the infamous Sarin (GB),
2
 while Tabun (GA, Fig. 

1b) belongs to the G-series agents and has Sarin-like toxicity. 
2
 VX, 

Tabun and most other nerve gases irreversibly inhibits the enzyme 

acetylcholine esterase, leading to rapid acetylcholine build-up and 

signal loss in the nervous system. A single droplet of VX can cause 

human death in 15 minutes
1
 and its persistence makes it into a 

long-lasting environmental hazard. The extreme toxicity means that 

all studies of nerve gases has to be conducted in certified 

laboratories, where synthesis, handling and destruction can be 

performed under safe conditions and according to strict 

regulations.
3
 Synthesis routes are classified. 

 

 

Fig. 1. Target molecules and SERS substrate properties. Molecular 

models of (a) VX and (b) Tabun. (c-d) A superhydrophobic gold 

nanopillar surface (~5×5 mm) with a contact angle, ϴ ≈ 152
o
, to 

water droplets (2 µl). (e-f) The substrate tilted with the droplet 

sticking firmly at all angles, without sliding. 

 

Surface-enhanced Raman scattering (SERS) based molecular 

analysis methods display highly attractive properties in terms of 

sensitivity, speed, cost, multiplexing and portability.
4-6

 SERS has 

been used to resolve conjugated nitro explosives down to 

attomolar levels
7-10

 while nerve gases has previously only been 

detected at high concentrations, 1–5% range in organic 

solvents,
11,12

 which is far from relevant in-situ conditions. We used 

mask-less lithography combined with reactive ion etching (RIE)
13-15

 

to fabricate Si/Au nanopillar SERS substrates with excellent wetting 

and enhancement properties (Fig. 1 c-f). The methodology allows us 

to analyze VX and Tabun with detection limits of ~13 and ~670 fmol, 

respectively, which are five to six orders of magnitude lower than 

reported previously for SERS, here even using a small and simple 

handheld Raman device. 

Drop-casting is a common delivery method in SERS 

applications.
13,16,17

 We studied the wetting properties of the gold 

nanopillar substrates by placing water droplets on the sample 

surface (Figure 1 c-f). The substrates showed low water adhesion at 

initial contact and the water droplets did not stick to the surface 

until it had been held still for at least several seconds. The contact 
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angle, ϴ, between the droplet and the surface after this initial step 

was found to be 152° ±10 (standard deviation, n=6). When releasing 

10 µl droplets onto a slightly tilted substrate (~10
o
), the droplets 

rapidly rolls off (the so-called “Lotus effect”). These observations 

classifies the substrate surface as initially superhydrophobic.
18

 

However, after this initial state, the droplets firmly stick to the 

surface and they do not slide no matter the orientation of the 

surface (Fig. 1 e-f), even when shaking the substrate. This indicates 

a transition from an initial Cassie-Baxter
19

 state, with no wetting of 

the fine structures and a small sliding angle, towards a Wenzel-like 

state where water penetrates the surface by capillary forces, 

thereby greatly increasing droplet adhesion.
19-21

 Further support for 

this interpretation comes from a comparison of scanning electron 

microscopy (SEM) images of pristine surfaces (Figure 2 a,b) and 

surface regions exposed to droplets (Fig. 2c). In the latter case, the 

gold-coated nanopillars have clearly been pulled together due to 

elasto-cappilary forces,
22

 which indicates that the droplet has at 

least partly penetrated into the local structure. We note in passing 

that a number of intermediates between the Cassie and Wenzel 

states have been described in the literature. One such state, with 

similar properties to what is observed here, is the so-called “gecko-

state” proposed by Wang and Jiang.
18

 The gecko-state is 

characterized by some of the fine structure being wetted and some 

not wetted, a phenomenon that is attributed to trapped air within 

the structure that still is connected to ambient air via a nano-

porous network. However, a detailed understanding of the 

fascinating switch between superhydophopic and hydrophilic 

adhesive behavior observed here clearly require further analysis. 

The wetting properties of our nanopillar substrates provide two 

distinct advantages from a SERS analysis point-of-view. First, 

superhydrophobic SERS substrates are known to be effective for 

detection of low concentration analytes in aqueous solution 

because the small contact area between a water droplet and the 

sensor surface leads to accumulation of target molecules as the 

droplet slowly evaporates.
16, 23-30

 However, this effect is of little use 

in practice, for example for detection of hazardous substances in 

the field, unless a droplet also sticks to the surface before 

evaporation, 

 

 

Fig. 2  (a) Top view SEM image of the Au covered Si nanopillar 

substrate. (b) SEM side view of a substrate. (c) SEM image of the 

nanopillars clustered together by water droplet evaporation. (d) 

SEM image sideview of a nanopillar cluster leaning together.  

 

 

Fig. 3 (a) SERS spectrum of 0.75 nmol VX and normal Raman 

spectrum of > 98 % VX solution. (b) The handheld Raman 

instrument. (c) Detection of ultra-low quantities of VX. (d) Response 

curve. 

 

which is the case here. Secondly, as seen in Fig. 2c, elasto-capillarity 

forces the flexible nanopillars to lean together such that the gold-

covered surface region resembles colloidal metal particle 

aggregates, which are well-known to be highly efficient SERS 

substrates because of the strong plasmonic optical near-fields that 

are induced in the gaps and crevices between the particles.
31

 It thus 

appears likely that the wetting properties of the substrates lead to a 

significant accumulation of molecules not only at the macroscopic 

scale but more importantly within nanoscopic SERS hot-spots 

formed locally by the elasto-capillarity aggregated nanopillars. 

After dropcasting and subsequent evaporation of 2 µl droplets on 

the nanopillar surfaces, SERS measurements of the nerve agents 

were performed with a small handheld device (First Defender RMX, 

Fig. 3a). The device contains non-moving optics, a 785 nm diode 

laser and an un-cooled CCD detector. VX SERS (0.75 nmol, 100 ppm) 

and Raman (pure) spectra can be seen in Fig. 3b. In the SERS 

spectrum, two groups of peaks appears at approximately 450 – 600 

and 630 – 800 cm
-1

, a quite significant  peak at just above 890 cm
-1

 

and then many peaks all the way up to ~1500 cm
-1

. The spectral 

profiles compare well with previous reports.
12

 The strong 890 cm
-1

 

peak has been tentatively assigned to a OPC and/or CCN stretch-

modes,
12

 which may indicate that the nitrogen preferentially bind 

to the gold, thus causing additional enhancement. The ordinary 

Raman spectrum shows corresponding peaks at approximately 460, 

520, 660, 700, 740, 775, 890 and 1100 cm
-1

.  

The detection limit for SERS measurements on VX was calculated 

using the major peak signal (890 cm
-1

). Figure 3c shows the SERS 

peak at 890 cm
-1

 for 0, 75, 750 and 7500 femtomol VX applied on 

the substrate. The smallest detected amount of VX (75 fmol, 0.1 

ppm) is approximately six orders of magnitude lower than previous 

reports of VX SERS (10 mg/ml, or 1 % = 10 000 ppm).
12,32

 The signal 

at 890 cm
-1

 was also compared to the zero level noise divided by a 

linear slope to the first concentration level multiplied by a factor 3 

and 10 for the limit of detection (LOD) and quantification (LOQ), 
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respectively.
33

 This yields a LOD of 13 femtomol and LOQ 45 

femtomol.  

 

 

Fig. 4  (a) SERS and Raman spectrum of Tabun at 1.4 nanomol and 

pure Tabun, respectively.  (b) 2135 cm
-1

 SERS peak at low 

concentrations. (c) Calibration curve. (d) Confocal microscope SERS 

image of the 2135 cm
- 1

 peak for a 2 µl evaporated droplet with 14 

pikomol Tabun. 

 

In figure 4a, a normal Raman spectrum of pure Tabun is shown 

together with a 1.2 nmol (100 ppm) SERS spectrum. Corresponding 

peaks here are close to 890 and 2195 cm
-1

. Also here the 890 cm
-1

 

peak can be assumed to arise from the CCN stretch, while the 2195 

cm
-1

 peak originates in the cyanide group (CN) triple bond vibration 

which has a strong Raman resonance.
34

 However, the two lower 

concentrations are completely lacking the 2195 cm
-1

 peak, while 

rather having a 2135 cm
-1

 peak. In the previously demonstrated 

SERS at high concentration both these peaks are present and 

attributed to CN stretch vibration,
11

 and only the 2195 peak was 

present in normal Raman spectra reported by Christesen et al.
35

 It is 

likely that the 2135 cm
-1

 peak originates from the cyanide group 

formally coordinated to the gold by complex, ionic or covalent 

bonding, hence damping the stretch vibration to slightly lower 

energy. This is also consistent with Mohamed et al. who found a 

shift in cyanide stretch from 2192 to 2146 cm
-1

 when Hg(CN)2 was 

coordinated to dinuclear gold amidinate.
36

  

Figure 4b shows SERS spectra around the strongest peak (2135 

cm
-1

) for 0, 1.4, 14 and 140 pikomol Tabun applied on the substrate, 

and 4c shows the corresponding calibration curve. As calculated 

above, the LOD and LOQ was 0.67 and 2.2 pikomol, respectively. 

The lowest explicitly showed concentration (1.4 pmol = 0.1 ppm) 

can be compared with the only existing study showing detection of 

5% = 50 000 ppm Tabun, that is, 5 × 10
5
 higher concentration.

11
 

Figure 4d, which shows a confocal SERS map of the 2135 cm
-1

 peak 

for an evaporated 2 µl droplet containing 14 pmol Tabun, illustrates 

the concentration effect resulting from the superhydrophobic 

properties of the SERS substrate. 

For the highest tested VX concentration (1000 ppm), the droplet 

initially formed the same nice sphere as seen in figure 1. However, 

after a few minutes (full evaporation took almost 20 min) the 

droplet collapsed, while for a concentration 10 times lower the 

droplet remained intact during the whole evaporation. This implies 

that VX affects the substrate and at a too high concentration 

destroys the macroscopic substrate superhydrophobicity. 

Additionally, when four different concentrations (0-1-10-100 ppm) 

were applied on a single substrate, the higher concentration 

droplets seemed to evaporate faster than the droplets with lower 

concentrations. A unified explanation for these two observations is 

that it is related to the surface tension at the accumulation sites. VX 

and Tabun has a surface tension of 33.7±3.0 dyne/cm and 39.6±3.0 

dyne/cm, respectively, which can be compared to water, which has 

a surface tension of 72.3±3.0 dyne/cm. Thus, the surface tension of 

the solutions decreases with increasing molecular concentration, 

which is likely to lead to the eventual wetting of the bottommost 

substate and the eventually collapse of the whole droplet. For 

Tabun at the highest (1000 ppm) concentration the droplets 

remained intact, which is due to the slightly higher surface tension 

compared to VX. 

 

Conclusions 

SERS has the potential to provide effective in-field detection of 

chemical warfare agents due to the combination of high label-free 

sensitivity molecular fingerprinting ability. To date, SERS of VX and 

Tabun has only been reported at very high concentrations in 

organic solvents. In this work, we have presented SERS spectra of 

these nerve gases at more than five orders of magnitude lower 

concentrations in water solution. The detection limits were 

estimated to ~13 and ~670 fmol, respectively, for VX and Tabun. 

The measurements were performed using gold coated Si-nanopillar 

substrates that are initially superhydrophobic but which rapidly 

switch a to a state characterized by high droplet adhesion, 

presumably due to elasto-capillary forces. We argue that the high 

sensitivity obtained is partly due to this interesting wetting 

behaviour, which provides distinct advantages from a SERS analysis 

point-of-view, that is, a small droplet contact area and target 

molecule accumulation within SERS hot-spots formed by clustered 

nanopillars. Furthermore, the applicability for real in-field use was 

demonstrated by using a portable, handheld, device for the Raman 

measurements. The results indicate that preventive and life-saving 

detection of nerve gases, and most likely many other deadly 

substances, can be achieved using suitable SERS substrates and 

easy-to-use measurement technology. 
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