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Results are presented on the characterisation and optimisation of a non-thermal atmospheric pressure micro-plasma ion 

source used for ambient mass spectrometry imaging. The geometry of the experiment is optimised to produce the most 

intense and stable ion signals. Signal stabilities (relative standard deviation) of 2.3 – 6.5% are achieved for total ion current 

measurements from chromatograms. Parameters are utilised to achieve MS imaging by raster scanning of PTFE/glass 

samples with a spatial resolution of 147 ± 31 μm. A systematic study of resolution as a function of acquisition parameters 

was also undertaken to underpin future technique development. Mass spectra are obtained from PTFE/glass sample edges in 

negative ion mode and used to construct images to calculate the spatial resolution. Images are constructed using the intensity 

variation of the dominant ion observed in the PTFE spectrum. Mass spectra originating from the polymer are dominated by 

three series of ions in a m/z spectral window from 200 – 500 Da. These ions are each separated by 50 Da and have the 

chemical formula [C2F+[CF2]n]
-, [CF+[CF2]n+O]- and [CF+[CF2]n+O3]

-. The mechanism for the generation of these ions 

appears to be a polymer chain scission followed by ionisation by atmospheric ion adduction. Positive and negative ion mode 

mass spectra of personal care products, amino acids and pharmaceuticals, dominated by the proton abstracted/protonated 

molecular ion, highlight the potential areas of application for such a device. Further to this end a mass spectral image of 

cardamom seeds, constructed using the variation in intensity of possible fragments of the 1,8-cineole molecule, is included to 

reveal the potential application to the imaging of foods and other biological materials. 
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Introduction 

The increasing importance of ambient ionisation mass spectrometry (ambient MS)1,2 as a tool for surface analysis and 

spectral imaging is unsurprising when one considers the number of successful applications in many areas of such a powerful 

technique. Recent studies have revealed applications including pharmaceuticals,3,4 polymers,4,5 micronutrients,6 drugs of 

abuse,7 agrochemicals in food stuffs8 and personal care products.9 While desorption electrospray ionization (DESI) was the 

first of these techniques,10 there are now a vast number of differing ion sources utilised in the field. Within this growing 

domain, plasma-based desorption and ionisation techniques11 have developed as one of the leading variants. 

Direct analysis in real time (DART),12 established in 2005 and now commercially available, is currently the most 

common plasma-mediated ambient ion source. However, dielectric barrier discharge ionization (DBD)13 and low 

temperature plasma (LTP)14 (an annular version of DBD) are increasingly being utilised for ambient MS. These have the 

benefit of being inexpensive and easy to construct with the potential for rapid and on-site analysis when coupled to mobile 

mass spectrometers.15,16 Many other plasma sources have also been designed and tested successfully when combined with 

ambient MS.2,4,11 

The plasma afterglow is allowed to directly interact with the sample when using LTP, in common with plasma 

assisted desorption ionisation (PADI).17 Mechanisms proposed to explain the complex plasma chemistry apparent in each 

ambient ionisation source include direct electron impact ionization, metastable Penning ionization and ion-molecule 

interactions.17 Elucidation of such mechanisms has been aided by optical emission spectroscopy, especially for LTP,18-21 and 

molecular beam mass spectrometry.22 Most ambient plasma-based techniques employ helium as the discharge gas3-9 since 

the metastable ions produced by the breakdown processes contain a large amount of internal energy (He*, 3S1, 19.8 eV) 

which can directly ionise analytes through Penning ionisation. Also, the ionised He dimer, He2
+, has been identified as the 

dominant positive ion in this scenario and acts as an energy carrier into the plasma afterglow where charge is transferred to 

atmospheric nitrogen.18,19 This leads to the formation of N2
+, which is key in the creation of water clusters and hence proton 

transfer to the surface. While logic would suggest that different excitation processes in the various plasma devices may alter 

the dominance of primary mechanisms through which desorption/ionisation occur, a previous study23 compared DART to 

both DBD and RF glow discharges and concluded that desorption/ionisation processes appeared to be indistinguishable 

between the three sources in the specific case of the ambient MS analysis of acetaminophen. 

The device used in the current study is based upon the DBD/LTP construction due to the inherent non-thermal 

nature of plasma generation. These devices generate a highly nonequilibrium plasma through the formation of ‘plasma 

bullets’. These ‘bullets’ are regions constituted of ions and vacuum ultra violet (VUV) photons24-26 ejected from the capillary 

when the applied voltage crosses a certain threshold in both the negative and positive regions of the voltage waveform. 

Initiation of the bullets is localised between the driven and ground electrode within the capillary volume and they are formed 

and ejected with a FWHM in the µs region.26 This behaviour is displayed in Fig. S1 in the Supporting Information (SI) by 

the spikes in the current trace of the IV graph. The discrete packets act as the major vehicle for energy delivery to the surface 

and as such effectively create a non-continuous plasma, limiting the temperature within the capillary to approximately 60°C. 

While higher gas temperatures result in more efficient analyte desorption,8,23 the investigations herein avoid the use of such 

mechanisms in order to localise the incident plasma. 

Investigations employing ambient plasma ion sources have primarily focused on applicability to a wide range of 

surfaces and molecules. Such efforts would be aided by a reduction in desorption footprint and associated improvement in 

spatial resolution to open up the field of ambient MS imaging analysis to such devices. Of the ambient techniques, currently 

DESI is the most widely used to obtain such images with a spatial resolution of 35 μm recently being achieved.27 However, 

LTP28-31 and PADI have the potential to operate in an imaging mode with improvements in design. At present, the best 

reported spatial resolution for plasma-mediated ambient MS is approximately 200 µm using LTP,31 where the device was 

used exclusively for sample removal. Although this is behind the resolutions routinely achieved in matrix-assisted laser 

desorption ionization (MALDI)32,33 or secondary ion mass spectrometry (SIMS),34 those techniques require either complex 

sample preparation in the case of MALDI or vacuum conditions when referring to the latter. Studies using laser ablation 
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sources combined with plasmas have also produced images with spatial resolutions between 1 – 20 µm.35,36 The advantages 

of using this alternative LTP over the techniques mentioned above are; the lack of complex or time consuming sample 

preparations/procedures; the absence of solvents means there is no source of analyte de-localisation as in DESI; mass spectra 

are dominated by the proton abstracted/protonated molecular ion;4,37 the ability to be used with analytes of any surface in the 

absence of thermal damage;8 the control of fragmentation processes;14 its inexpensive design, construction, power 

consumption and implementation coupled to its low source flow rates also result in a hugely important application of on-site 

analysis with a truly mobile ion source. These advantages must be balanced against better spatial resolution in other 

techniques, however, this technique provides complementary and orthogonal information to that obtainable by the other 

techniques in a much quicker time-scale and at substantially lower cost (in comparison to expensive to maintain vacuum and 

laser instruments.) 

In this study, the authors develop a strategy of characterisation and optimisation of crucial operating parameters to 

understand their impact on the spatial resolution of a non-thermal micro-plasma device. Not only do these investigations aid 

in establishing the desired conditions in which mass spectrometry imaging (MSI) can be achieved with the best spatial 

resolution, they also provide the basis for future technique development through a systematic experimental approach. 
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Experimental 

Samples 

Polytetrafluoroethylene (PTFE) was analysed in bulk form as thread-seal tape (RS, Corby, UK) which was wrapped around a 

standard glass microscope slide to present a uniform and flat surface to the ion source and replaced following each 

experiment to ensure no repeat sampling. Previous investigations4,5 have revealed the sensitivity of this polymer to plasma 

ion sources, hence it was chosen to probe the spatial resolution of the micro-plasma as a model system. 5 µL of 10 mM pure 

components of personal care products (pcps) (liquids – triethanolamine, linalool, propylene carbonate) (Alfa Aesar, 

Heysham, UK) were deposited onto glass microscope slides and MS analysis conducted while wet. 5 µg crystalline solids 

including amino acids (valine, leucine, phenylalanine), Fmoc (fluorenylmethyloxycarbonylchloride-pentafluoro-L-

phenylalanine), caffeine (Sigma, Poole, UK), the phospholipid dipalmitoylphosphatidylcholine (DPPC) (Avanti Polar 

Lipids, Alabaster, AL, USA) and over the counter generic drug compounds ibuprofen and paracetamol, were also placed on 

glass slides for MS analysis. 

 

Micro-plasma 

The device is similar to the LTP,14 however the driven and earthed electrodes are reversed in this configuration.38 An optical 

image of the micro-plasma in operation with the major components labelled can be found in the SI (Fig. S2) while a 

schematic is also included in Fig. 1. The experimental set up consists of a TG2000 function generator (AIM-TTI), operating 

at 14.25 kHz, driving a commercial audio amplifier (Crown Audio Inc., Indiana, USA, XLS 1000), with a voltage step-up 

transformer (Express Transformers & Controls Ltd, Runcorn, UK) at the output stage to generate the high ac voltages 

required for gas breakdown. Also connected at this point is a high voltage probe (Testec) whose output is read using an 

oscilloscope. The peak-to-peak voltage was set at 9.8 kV for all experiments. The device consists of a copper rod, 1.0 mm 

diameter, placed coaxially within a tapered borosilicate glass capillary 112.5 mm in length, 3.0 mm outer diameter and 1.6 

mm inner diameter. The tapered end of these interchangeable capillaries is 10 mm in length and reduces to a diameter in the 

range 20 – 56 µm (Dc) as specified by the manufacturer (C M Scientific Ltd, Silsden, UK). The copper rod acts as the driven 

electrode and is sharpened at one end. The sharpened tip of the rod is placed 11 mm from the end of the capillary to ensure 

the plasma is able to exit unhindered. Aluminium tape, 10 mm in width, is wrapped around the capillary 12 mm from the end 

and is electrically grounded. Helium gas, 99.996% pure (BOC, Guildford, UK), enters through a PTFE fitting, where it 

subsequently flows between the driven electrode and capillary and out through the tapered end. The helium flow rate is 

controlled via a rotameter (Omega engineering, Manchester, UK), and gas flow was varied in the range 5 – 65 ml/min. 

 

Mass Spectrometer 

A Thermo Scientific LTQ-Orbitrap Velos mass spectrometer (LTQ linear ion trap, nominal mass resolution) was used for all 

MS studies, unless otherwise stated. Negative ion mode MS was employed for all studies of PTFE as desorption/ionisation is 

not observed from this substrate in positive ion mode.5 Preliminary studies of PTFE established that the spectrometer needed 

to be programmed with a set ion trap injection time of 600 ms with automatic gain control turned off and 5 co-added micro-

scans per spectrum. Total ion current (TIC) intensities were generated by summing ion signal intensity over the range m/z 

200 – 500. The standard ion transfer tube was replaced with an extended version 127 mm in length (internal diameter 0.5 

mm), but with the final 18 mm bent at an angle of 15 degrees towards the 2-axis stage. This tube is referred to as the ‘sniffer’ 

and the temperature was set to 225°C while held at a voltage of 0 V. All samples were placed on a 2-axis stage (Prosolia, IN, 

USA) 0.5 mm below the sniffer. The effect of the position of the device on the observed negative ion intensity from PTFE 

was investigated by recording TIC as a function of four parameters: the diameter of the capillaries at the nozzle exit (Dc), 

sniffer/capillary separation (r, 1 – 11 mm), the vertical distance separating the surface and capillary (z, 1 – 2 mm) and source 

flow rate. The optimal parameter values deduced from these studies were then used to conduct MSI of PTFE/glass samples. 
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Volatiles/non-volatiles – Both positive and negative ion modes were used for studies involving pcps, amino acids 

and pharmaceuticals. Negative ion mode MS was used to study Fmoc and negative ion tandem MS of DPPC (collision 

induced dissociation energy of 25.00 eV) was used to aid phospholipid identification. 

Positive/negative ambient ions – The time-averaged spectra were obtained on a Hiden Analytical HPR-60 MBMS 

with the exit of a 56 µm diameter capillary placed 4 mm from the entrance orifice of the MS and aligned with the centre of 

the sampling orifice (100 µm diameter) along the discharge axis and parallel to the axis of the instrument. The sampling time 

of the detector was set at 1s and a source flow rate of 0.25 ml/min was used. This instrument has a mass range of 0–1000 Da, 

a resolution of 0.02 Da and was used for these studies as it was specifically designed for analysis of atmospheric pressure 

plasmas.22 

 

Mass Spectrometry Imaging (MSI) 

PTFE – All images of PTFE were produced by compiling the raw data (.raw, Thermo Scientific Xcaliber) into an image 

(Firefly, Prosolia) which was then read into BioMAP (v.3.7.5.5, Novartis). The line profiles in Fig. 3a were generated from 

two dimensional 443 x 26 pixel grids (pixel size 11 μm x 11 μm) where each row took 4.50 min to record with each pixel 

acquisition time taking 0.54 s. The x-y stage moved at a rate of 18.519 μm/s. The line profiles in Fig. 3b were generated 

from 75 x 6 pixel grids (pixel size 40 μm x 40 μm) where each row took 3.96 min with each pixel acquisition time taking 

3.17 s. The x-y stage moved at a rate of 12.62. It is important to note that the x-y stage cannot move at a speed less than 10 

μm/s. All efforts were made to limit the speed of the stage to as low a value as possible so as not to impact upon the RSD 

achieved with each image. 

Cardamom – The dried seeds were purchased whole from a local supermarket and were cut in half through the 

sagittal plane using a scalpel. Two halves of different seeds were chosen so as to be non-symmetrical. The seeds were then 

placed, with their interiors facing upwards, on sticky tape which was wrapped around a glass microscope slide and secured 

in the 2-axis stage. This stage was then lowered to 2.5 mm below the sniffer to ensure the seeds could pass freely beneath the 

sniffer. The thickness of the seeds was approximately 2 mm and the plasma device was placed 1 mm above the surface of the 

seeds at r = 1.5 mm as this produced the most intense spectrum from the seed surface not dominated by ambient ions. The 

separation between the plasma device and the surface of the seeds was not constant across the recorded image due to the 

uneven nature of the surfaces themselves. 

Intense ion signals (104) were detected in preliminary studies of cardamom seeds, likely originating from volatile 

organic compounds (VOCs). The MS was programmed to collect 3 co-added microscans per spectrum and 200 ms injection 

time which allowed a scan time of 0.72 s per pixel with each row taking 0.90 min to acquire due to the abundance of 

aromatic molecules. The x-y stage moved at a rate of 277.78 μm/s and the MSI consists of a 75 x 50 pixel grid. 

 

Comparison of Line Profiles 

Line profiles are generated by calculating the average ion intensity of the m/z 297 ion in each column of pixels along the x-

axis and normalising to the maximum ion intensity. This method reduces the two-dimensional pixelated image into a single 

line of averaged pixels from which the spatial resolution can be calculated.39,40 Spatial resolutions are initially calculated by 

measuring the 16-84% interval of the line profile of the intensity variation of the ion across the step edge between the PTFE 

sample and the glass slide. This measurement provides the value of 2σ of the Gaussian broadening observed at the edges of 

the ‘top hat’ function41 and then this value is multiplied by       to provide the FWHM and therefore the spatial resolution 

of the device. 

Spatial resolution measurements are confirmed by fitting the normal cumulative distribution function to the ‘S’ 

shaped line profile using the standard deviation calculated by the process defined above. It is important to emphasise that 

this is a theoretical spatial resolution defined, as it is, by the broadening of the line profile generated at the step-edge between 

the PTFE tape and the glass slide. These processes neatly capture and define variations in spatial resolution as a function of 

the operating parameters.  
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Results and Discussion 

AMS of Volatile/Non-volatile Compounds 

The ambient ions resulting from mixing of the plasma produced using this device with the surrounding air agree with the 

conclusions of optical spectroscopy studies18-21 that the helium discharge gas is crucial to the mechanisms underpinning 

creation and propagation of the plasma afterglow. The dominance of the N2
+ ion when the mass spectrometer was operated 

in positive ion mode (Fig. S3a, (SI)), and an excess of oxygen, ozone and water clusters when operated in negative ion mode 

(Fig. S3b, (SI)) are clearly visible. 

In order to establish that this device produces similar typical mass spectra observed previously with the LTP,37 i.e. 

dominated by the proton abstracted/protonated molecular ion with little fragmentation making identification relatively 

simple, tables of the positive (Table. S1) and negative (Table. S2) ions detected using ambient MS of volatile pcps and 

less/non-volatile amino acids, caffeine, paracetamol and ibuprofen are included in the SI. 

The negative ion mass spectra of the volatile pcps displayed series of ions with additional oxygen components 

which originate from plasma/air interactions (Fig. S3b). The analysis of PC(16:0/16:0) DPPC is the first negative ion tandem 

MS of an intact lipid using a plasma ion source that the authors are aware of.42,43 The dominant peak at m/z 795 corresponds 

to the ion [M+NO3]
-. The excited gas and air mixture produces adduct formation and addition to the subject molecule which 

allows for definitive identification of the lipid in the absence of solvent based adduction. Such behaviour has been reported 

previously.16 This is a potentially important result in the field of bioanalysis and increases the impact of the studies contained 

herein. This feature also occurs for investigations of PTFE and Fmoc. 

 

Optimisation of Plasma MS 

The micro-plasma device, shown in Figs. 1 and S2, was orientated normal to the surface for all studies contained in this 

report so as to ensure the activated plasma plume profile presented to the substrate was symmetrical. 

A typical negative ion mass spectrum of the PTFE substrate is displayed in Fig. 2. There are three major ion series 

apparent in the m/z 200 – 500 spectral window and these are labelled with the same icons as those used previously to identify 

each series.5 The icons correspond to ions in the series [CF+[CF2]n+O]- (n = 4, 5...9) (   ), [C2F+[CF2]n+O3]
- (n = 4, 5, …9) (

) and [CF+[CF2]n]
- (n = 3, 4, …8) ( ). The lack of ambient ions produced by plasma/air interactions coupled to the 

ability to sample a relatively large region of the spectrum where this plasma device results in desorption/ionisation from the 

PTFE provides a basis for direct comparison as major parameters are varied. For consistency across data sets and since the 

series of ions with the adduction of oxygen to a polymer chain was consistently the most dominant, the ion located at m/z 

297 was chosen to track variations in ion intensity for all chromatograms and mass spectral images of PTFE. 

Fig. 3a displays the variation in negative TIC and intensity of the ion located at m/z 297 from PTFE for 56 – 20 µm 

diameter capillaries. An intermittent and unstable ion signal was observed for capillaries with diameters less than 20 µm and 

consequently these results are excluded from the data shown here. Decreases in both TIC and peak intensity of several orders 

of magnitude are clearly observed as the capillary diameter is reduced. The error bars display +/- 1 standard deviation of 

three measurements from samples which were replaced following each plasma exposure. The relative standard deviation 

(RSD) of TIC for the 56 µm diameter capillary is the largest of the set at 6.5%, whereas those for the three others vary 

between 2 – 4%. Such stability is a significant improvement on that reported previously when using PADI (7%)5 or LTP 

(16%)7,8 and is of vital importance in mass spectrometry imaging. It is likely that reducing the diameter of the capillaries 

reduces the rate and number of plasma/air interactions around the main stream of ions and photons and hence decreases the 

sampling area of the surface. This limits the effect of turbulence induced treatment of the surface and increases signal 

stability25 (reduces RSD) until a threshold is reached where further reducing the diameter of the capillary leads to a loss of 

signal due to the limits of detection of the sniffer and the amount of surface material desorbed. Evidence for this is found in 

the fact that the largest diameter capillary produced the most fluctuating signal. The data presented here leads the authors to 
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conclude that this intensity balance occurs when using capillaries with diameters less than 20 µm for non-volatile samples 

and helium as the discharge gas. 

TIC is presented as a 2D contour map as a function of gas flow and sniffer/capillary separation, r, in Figs. 3b and 

3c as r is increased from 1 mm to 11 mm for (b) 56 µm and (c) 20 µm diameter capillaries at z = 1 mm. The surface/capillary 

separation, z, was kept at a constant 1 mm throughout optimisation studies (investigated later) in order to limit gas diffusion 

considerations and its impact on desorption footprint. The source flow rate was reduced successively by 5 ml/min every 25 

seconds at each value of r. There are again large decreases in TIC observed with both capillaries as the source flow rate is 

reduced and r is increased. The most intense TIC is observed at r = 2 mm for both capillaries. This is due to the fact that at r 

= 1 mm, there is direct sampling of the plasma afterglow by the sniffer which reduces plasma volume at the PTFE surface 

for both capillaries (subsequent data recorded at r = 1.5 mm saw a restoration of the signal to the approximate level 

previously observed at r = 2 mm). A comparison of Figs. 3b and 3c shows that the intensity distribution is much more 

confined and centred at r = 2 mm and 65 ml/min when using the 20 µm diameter capillary. This difference highlights that 

the smaller capillary is more sensitive to variations in gas flow than the larger capillary. Indeed, gas flows below 20 ml/min 

produced no detectable signal. Consequently, it is recommended that a minimum source flow rate of 45 ml/min be used 

when employing such small diameter capillaries. 

The lack of a persistent ion signal from PTFE when using capillaries with diameters less than 20 µm can be 

explained by the lower number of ions reaching the surface per unit time by capillaries of this size. It is entirely plausible 

that desorption/ionisation is occurring, but it is simply below the detectable limit of this sniffer due to lower ion throughput. 

Alternatively, it is also possible that the life time of the plasma bullets outside the capillary may be decreased significantly 

when coupling small diameter capillaries to low gas flow.43 If collisions between atmospheric molecules and the He gas 

increase resulting in greater gas diffusion with these smaller capillaries, desorption/ionisation may be prevented. If one 

conjectures that the plasma bullets have a radial cross section containing ionic species and VUV photons in the inner core 

surrounded by an envelope of activated gas species,24-26 the increased interaction of this envelope with the walls of the 

narrower capillaries reduces the concentration of such species surrounding the plasma bullet. Since this envelope also decays 

with distance, lower concentrations may result in fewer plasma interactions upon the analyte per unit time when using 

narrower capillaries, even at high source flow rate. The threshold beyond which the reduction in capillary diameter restricts 

the number of activated species per volume per unit time to reach the surface and induce desorption/ionisation at a level 

which the MS sniffer can detect appears to be 20 µm. It is also interesting to note that negative ion signals are still observed 

as r is increased beyond 10 mm. This suggests that this set-up produces ions which are long lived and it is diffusion with 

ambient air which reduces ion intensity, although added turbulence induced desorption/ionisation from higher source flow 

rates also clearly contribute to the persistent ion signal as r is increased. 

Excluding data points for a source flow rate of 5 ml/min and maximum source-interface gap of r = 11 mm, RSD 

using the 56 µm diameter capillary decreased to 7.6% from 14.8%. Calculations for the 20 µm capillary result in a RSD of 

6.5% excluding data points at 20 ml/min and r = 11 mm as compared to 16.3% RSD when included. These results again 

confirm the sensitivity of the lower diameter capillary to source flow rate as RSD decreases relatively more than that of the 

larger capillary when the signal recorded using lower rates of gas flowing through the capillary are excluded from the 

calculation. 

 

MSI and Spatial Resolution Calculations 

The line profiles displayed in Fig. 3a were generated using (1) 30 μm, (2) 43 μm and (3) 56 μm diameter capillaries and 

where x is the distance across the mass spectral image. Using the process as defined in the experimental section under the 

heading of ‘Comparison of Line Profiles’, the spatial resolution of the line profiles in Fig. 3a are calculated to be (1) 230 μm, 

(2) 346 μm and (3) 550 μm for 40, 35 and 25 ml/min source flow rates respectively. These values are tabulated in Table 1. 

One can clearly observe the increasing width of the Gaussian broadening at the PTFE step edge as the diameter of 

the capillaries increases. Also displayed in the inset of Fig. 3a is the ‘error’, or subtraction of the model from the 
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experimental data. This subtraction remains below ± 10% for the line profile using the 30 μm capillary across width of the 

image and confirms the suitability of smaller diameter capillaries for imaging purposes. It is also important to point out that 

the largest divergence between the model and the line profile data is consistently when the plasma plume is ‘fully’ on the 

PTFE surface, as shown by the saturation of the cumulative distribution curve, and not on the positive slope of the intensity 

profile. 

Fig. 3b charts the direct comparison of two line profiles generated from images produced using a 22 μm diameter 

capillary where x is the distance across the 3 mm mass spectral image. The position of the device changes from z = 1 mm, r 

= 1.5 mm to z = 2 mm, r = 4 mm and is included to allow a direct comparison of the effect on the spatial resolution of the 

position of the device. The spatial resolution of the dashed line is 145 μm and increases to 497 μm when the device is moved 

further away from both the sniffer and the polymer (these values are tabulated in Table 2). A further point of note is that the 

subtraction of the model from the experimental data (inset) lies almost exclusively in the ± 4% range for the r = 1.5 mm data 

set whereas that recorded at r = 4 mm displays much more variability over the -12 to 9% range as a function of x. 

 

Effect of Operating Parameters on Spatial Resolution 

It is important to measure the effect of the major operating parameters (r, z, Dc and source flow rate) on the spatial resolution 

in order that optimisation studies fully consider parameter space. Such studies allow operating parameters to achieve the best 

resolution to be stated with confidence (for this experimental system). Fig. 4a shows how spatial resolution varies as a 

function of gas flow for 43 and 20 µm diameter capillaries. The data presented in Fig. 4a is in good agreement with Fig. 2 as 

it confirms the increased sensitivity of the narrower capillaries to gas flow. The sniffer/capillary separation, r, clearly has the 

biggest impact on spatial resolution, as displayed in Fig. 4b, and is likely due to the greater diffusion of the desorbed PTFE 

ions due to the longer sampling time and larger distances over which they have travelled. However, it is also significant that 

the highest spatial resolution is achieved with the smallest values of z, r and Dc across both charts. 

Fig. 4c shows the variation in the spatial resolution achieved for each different capillary. The spatial resolution has 

been improved to 147 ± 28 µm by reducing the diameter of the capillary to 20 µm. Note that while the spatial resolution is 

approximately linearly proportional to the capillary diameter, intensity (Fig. 2a) is approximately exponentially proportional. 

The error bars show the RSD of the spatial resolution achieved with each capillary positioned at r = 1.5 mm and z = 1 mm. 

This position has been selected as the optimal position for the device after consideration of the data displayed in the previous 

figures. A resolution of 147 µm is a modest improvement to the current best spatial resolution achieved with plasma ion 

sources31 (200 µm) and is an important addition to the field of complex mass spectrometry imaging. 

The limiting factor in terms of improving spatial resolution beyond 147 µm appears to be the lack of a stable ion 

signal when using capillaries with diameters below 20 µm and sampling non-volatiles on different substrates, possibly due to 

low volumetric gas flow. Studies are continuing with the current device to obtain images of a similar resolution to those 

reported previously when using DESI.27 

 

MSI of Cardamom Seeds 

Fig. 5a shows a 15 x 10 mm optical image of two different halves of freshly cut cardamom seeds (Amomum subulatum) An 

inspection of Fig. 4c suggests the spatial resolution of the device at r = 1.5 mm, z = 1 mm for a 26 μm capillary to be 

approximately 180 μm and therefore 200 μm x 200 μm pixels were chosen. However, the spatial resolution obtainable with 

such irregularly shaped specimens (in all three spatial dimensions) is unlikely to be the same as that observed when using 

planar substrates. 

Fig. 5b is a positive ion mass spectral image of the seeds displayed in Fig. 5a obtained using a 26 μm diameter 

capillary. A typical positive ion mass spectrum of the seeds is displayed in the SI (Fig. S4). Fig. 5b is constructed using the 

same software packages as outlined earlier and uses the variation in intensity of the positive ion located at m/z 81. This 

image clearly depicts the cardamom seeds as shown in Fig. 5a and also shows an apparent distribution of this ion, with two 
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circular areas coloured in red, common to both seeds. It is clear however that the spatial resolution of the device is lower 

than that achieved with planar substrates. 

GC-MS studies of the essential oil of cardamom seeds report that 1,8-cineole, M = 154.1357, constitutes anything 

from 43 – 89% of the dried capsules.43-45 The positive ion located at m/z 81 could therefore be the protonated cyclohexane 

fragment of 1,8-cineole [M+H-3(CH3)-COH]+. Unfortunately MS/MS was not conducted on the ion fragments in order to 

substantiate an unambiguous identification. A further positive ion image of m/z 95 can also be seen in Fig. S5. Again, one 

possible assignment of this ion is to a different fragment of 1,8-cineole [M+H-C(CH3)(CH3)-H2O]+, where VOCs, aromatic 

molecules which readily interact with the plasma/air mixture, result in higher levels of fragmentation but this cannot be 

confirmed without further data. 

Also displayed in the SI (Fig. S6) are positive ion mass spectra taken from the mass spectral image of four 

different ions observed in Fig. S4: (a) m/z 137 and 155 (inset) and (b) m/z 81 and 95. A close inspection of Fig. S6 shows 

that the ions located at m/z 137 and 155, which could be associated with the loss of water from protonated 1,8-cineole and 

the protonated molecule itself respectively, share the same mass spectral profile as ambient ions generated by plasma air 

interactions. This is in contrast to the ions located at m/z 81 and 95, which clearly originate from the right hand seed and 

show a mass profile distinct from that generated by plasma/air interactions. 

It is likely that the irregular, non-symmetrical and uneven substrates presented to the plasma plume create fluid 

dynamic distortions both at the centre of the seed and at the edges. Of course, this will impact on image quality and the 

intensity profiles produced in a complex fashion. A full analysis of plasma interactions at the surface and edges of the seed is 

beyond the scope of this investigation. 
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Conclusions 

This study used a model sample of PTFE wrapped around glass microscope slides to study the effects of principal 

parameters on the spectral intensity and spatial resolution of ambient MS images. In order to obtain the maximum spatial 

resolution achieved with this device, 147 ± 28 μm, recommended values of these parameters are 1 mm ≤ z ≤ 2 mm, 1.5 mm 

≤ r ≤ 2 mm, Dc = 20 µm and source flow rate ≥ 40 ml/min for this experimental system. It is clear the major factors affecting 

signal and spatial resolution are the diameter of and the flow rate through the capillary. The spatial resolution achieved with 

this micro-plasma is in the realm of other ambient mass spectrometry imaging techniques and could be improved with 

further modifications to the system. 

The RSD of signal intensities is found to be approximately 2.3 – 6.5% and which originate from the plasma source 

rather than the mass spectrometer. This is significantly better than that reported previously with both PADI and conventional 

LTP itself. 

These studies were also able to observe and detect non-volatiles even at non-thermal operating temperatures, 

thereby limiting damage to sensitive surfaces. These investigations provide evidence of significant advantages of the micro-

plasma device. These can be summarised as the absence of sample preparation, inexpensive construction, improved signal 

stability, detection and simple identification of a range of both volatile and non-volatile compounds and the ability to image 

real-world foodstuffs. Such strengths offer the potential ability to conduct MS imaging of more complicated samples in a 

rapid and efficient manner. 
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Figures 

 

 

 

Fig. 1 A schematic of the plasma device with labelled components. The inset also shows the different parameters varied 

in this study. An optical image of the device in operation is included in SI (Fig. S2). 
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Fig. 2 A typical negative ion mass spectrum of the PTFE substrate in the m/z 200 – 500 spectral window. The three major 

ion series are labelled using the same icons from a previous investigation5 and are identified in the legend in the top left hand 

corner. 
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Fig. 3 (a) Variation of average TIC (black line, left hand axis) and peak intensity of the m/z 297 ion from PTFE (red line, 

right hand axis) as a function of capillary diameter at 65 ml/min. A Log scale is used on both axes for visualisation purposes. 

Note the approximately exponentially proportional relationship between signal and capillary diameter. The inset displays the 

relative standard deviation in signal (%) of each capillary for both TIC and the m/z 297 ion. 2D contour maps to show the 

average TIC as a function of gas flow for each value of r for (b) 56 µm and (c) 20 µm diameter capillaries at z = 1 mm. The 

different colours represent intensity intervals (counts) as described by the legend on the top right of each graph. 
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Fig. 4 (a) Line profile of the intensity variation of the m/z 297 PTFE ion across a step edge for (1) 30 µm, (2) 43 µm and 

(3) 56 µm diameter capillaries at 65 ml/min with z = 1 mm, r = 1.5 mm. Individual data points for each of the 443 averaged 

pixels (filled shapes) are included, as well as normal cumulative distribution fits to the experimental data. The inset displays 

the subtraction of the model form the data. (b) Line profiles of the intensity variation of the m/z 297 ion across a PTFE step 

edge for a 22 µm diameter capillary at 65 ml/min with z = 1 mm, r = 1.5 mm (dashed line) and z = 2 mm, r = 4 mm (solid 

line). Normal cumulative distribution fits are also included as well as the subtraction of the model from the data (inset). 
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Table 1. A table to show the source flow rate and spatial resolution of the line profiles contained in Fig. 4(a). Also shown is 

the standard deviation of each of the normal cumulative distribution fits. 

(a) Capillary diameter 

(µm) 

Source flow rate 

(ml/min) 

σ (µm) Resolution (µm) 

(1) 30 40 98 230 

(2) 43 35 147 346 

(3) 56 25 234 550 

 

Table 2. A table to show the spatial resolutions of the line profiles contained in Fig. 4(b). Also shown is the standard 

deviation of both the normal cumulative distribution fits. 

(b) Capillary diameter 

(µm) 

Source flow rate 

(ml/min) 

σ (µm) Resolution (µm) 

r = 1.5 mm 22 65 62 145 

r = 4.0 mm 22 65 211 497 
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Fig. 5 Variation of spatial resolution as a function of (a) gas flow for two different diameter capillaries at r = 2 mm and z 

= 1.5 mm, and (b) r and z for a 20 µm diameter capillary at 65 ml/min. (c) Plot of the spatial resolution achieved with each 

capillary, displaying an approximately linearly proportional relationship between the two. 
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Fig. 6 (a) An optical image of two halves of different cardamom seeds. (b) Positive ion MS image of the seeds shown in 

(a) using the variation in intensity (counts) of the ion at m/z 81, displayed by the scale bar on the right hand side. 
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