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Surface acoustic wave nebulization 
improves compound selectivity 
of low‑temperature plasma 
ionization for mass spectrometry
Andreas Kiontke  1, Mehrzad Roudini  2, Susan Billig  1, Armaghan Fakhfouri  2, 
Andreas Winkler  2 & Claudia Birkemeyer  1*

Mass spectrometry coupled to low-temperature plasma ionization (LTPI) allows for immediate and 
easy analysis of compounds from the surface of a sample at ambient conditions. The efficiency of 
this process, however, strongly depends on the successful desorption of the analyte from the surface 
to the gas phase. Whilst conventional sample heating can improve analyte desorption, heating is 
not desirable with respect to the stability of thermally labile analytes. In this study using aromatic 
amines as model compounds, we demonstrate that (1) surface acoustic wave nebulization (SAWN) 
can significantly improve compound desorption for LTPI without heating the sample. Furthermore, 
(2) SAWN-assisted LTPI shows a response enhancement up to a factor of 8 for polar compounds such 
as aminophenols and phenylenediamines suggesting a paradigm shift in the ionization mechanism. 
Additional assets of the new technique demonstrated here are (3) a reduced analyte selectivity (the 
interquartile range of the response decreased by a factor of 7)—a significant benefit in non-targeted 
analysis of complex samples—and (4) the possibility for automated online monitoring using an 
autosampler. Finally, (5) the small size of the microfluidic SAWN-chip enables the implementation of 
the method into miniaturized, mobile LTPI probes.

Miniaturization of analytical instruments results in substantial saving of resources (consumption of chemicals 
and energy, space requirements, etc.) typically used in conventional chemical analysis approaches. Moreover, 
the advances in microsystem technologies enabled obtaining information about sample composition even in 
impassable, space-constrained environments. For instance, surface acoustic wave (SAW)-based aerosol generators 
producing micrometer-sized droplets are demonstrated to act as the key component in a wide array of applica-
tions including inhalation therapy1,2, material deposition3–5, liquid chromatography/mass spectrometry (LC/
MS)6–8 and olfactory displays9. They operate based on the interaction of an acoustic wave excited on the surface 
of a piezoelectric substrate with a liquid placed in its propagation path. Although the principle of SAW was first 
demonstrated by Kurosawa et al.10 in 1995, it has been only recently brought to technological maturity11,12 thereby 
paving the way towards implementing SAW technology now to miniaturized analytical devices.

With SAW aerosol generators, the size of generated droplets can be controlled in-situ, through either chang-
ing the SAW wavelength or the fluid flow rate11. This particular feature makes SAW ideally suited for analytical 
techniques requiring optimized aerolization for enhanced compound desorption of the sample. Atmospheric 
pressure ionization techniques for mass spectrometric analysis of liquid samples are one example of such tech-
niques. Compared to electrospray ionization, SAW nebulization (SAWN) has shown a higher survival yield 
of fragmentation-prone ions suggesting that ions with lower internal energy are formed with this very soft 
technique7. Another convenient advantage is the direct applicability of SAWN to complex mixtures. Even sam-
ples with high ionic strength and high viscosity can be aerolized without (nebulizing) gas streams or other 
sample pretreatment, without having to prevent clogging of capillaries or nozzles8,13. However, implementation 
of microfluidic SAW-devices in a way that dissolved analytes are distributed over individual droplets and finally 
transferred to a mass spectrometer via a sample inlet system, is not yet very well established.

Here, we demonstrate the use of chip-based SAWN as a new means to substantially improve fluid nebulization 
for the so-called ambient ionization techniques for mass spectrometry. Ambient ionization techniques enable the 
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direct analysis of samples at ambient conditions using mass spectrometers with an atmospheric pressure inlet. For 
this, the sample interacts e.g. with charged droplets14–16, species generated from plasma17–19, or with energy20–22 
to ionize the analyte directly from the sample surface. The use of such techniques requires only minimal to no 
sample pretreatment, thereby significantly saving time and resources. Plasma-based methods are particularly 
promising for a wide variety of applications in mobile analytics and miniaturization owing to their simple setup, 
solvent-free operation, and associated minimal waste production23. A common setup for low-temperature plasma 
ionization (LTPI) consists of an atmospheric plasma continuously produced from a flow of process gases such 
as helium or argon directed onto the sample surface19. Most often, a dielectric-barrier discharge plasma is used, 
sustained by a high-frequency alternating current (ac) voltage between the electrodes24. The ionization mecha-
nism usually involves the protonation of the analyte by hydronium-ion-water clusters produced during interac-
tion of the atmospheric plasma with water from the surrounding air25,26. As such, the obtained mass spectra are 
easy to interpret. On the other hand, the minimal sample preparation frequently leads to serious matrix effects 
hampering quantification with ambient techniques24,27 and the achieved sensitivity with the setups described in 
the literature is still rather poor.

Making the ionization process independent of the embedding matrix while increasing the sensitivity of ioniza-
tion could effectively overcome signal suppression and improve the analytical accuracy in applications of LTPI. 
A low vaporization enthalpy considerably enhances the ionization efficiency of analytes in LTPI27,28; therefore, 
an additional supply of heat could increase sensitivity29,30. For thermally labile analytes, however, heating is not 
desirable and alternative approaches are required to improve desorption. For example, the coupling of nano-
electrospray with LTPI nebulization was observed to boost the sensitivity of subsequent MS analysis31. Surface 
acoustic wave nebulization (SAWN) could serve as an ideal alternative not only to compensate the thermal 
energy required for desorption, but also to facilitate the development of miniaturized devices23. The valuable 
potential for miniaturization and portability makes the combination of SAWN and LTPI highly desirable: with 
low power and resource consumption in general, this technique is expected to greatly facilitate and improve 
analyte ionization in point-of-care mass spectrometry.

To investigate what advantages can arise from a combination of SAWN and LTPI, we used a set of aromatic 
amines, primarily substituted anilines. Aromatic amines were selected as target compounds based on their sig-
nificance for important applications in synthetic organic and pharmaceutical industries. They are easily ionized 
by LTPI, available in a very broad structural variety and well characterized in public databases28. Finally yet 
importantly, their behavior was already studied with other common ionization techniques32 enabling a systematic 
comparison of the key parameters of SAWN-LTPI-MS response. In this work, we characterized the impact of 
SAWN-LTPI and identified compound characteristics that have an influence over the MS signal response. After 
aerosolizing solutions of these analytes by SAWN, the droplet mist was subjected to LTPI and subsequently 
analyzed by mass spectrometry. We report that the use of SAWN substantially improves the signal response of 
aminophenols and phenylenediamines compared to LTPI from a paper target28 without the need for additional 
heating. Moreover, the similar molar response obtained with SAWN is an important benefit for implementation 
with mobile devices that often still exhibit a limited dynamic range.

Results and discussion
We compared the response pattern of the target compounds subjected to continuous flow SAWN-LTPI with data 
of LTPI from a paper target28, denoted here as “Paper-LTPI”. For Paper-LTPI, the dissolved sample was applied 
to a paper target and analyzed by mass spectrometry before the solvent had completely evaporated. Each new 
sample was placed in front of the plasma source and desorbed and ionized from there. For continuous flow 
SAWN-LTPI, the dissolved sample was introduced by an autosampler and nebulized directly in front of the 
outlet of the plasma source. In comparison to earlier data from Paper-LTPI23,28, the qualitative appearance of 
the obtained mass spectra from SAWN-LTPI-MS did not change; for illustration, example spectra are found in 
the electronic supplementary part ESM Fig. S1. In contrast, SAWN mainly affects the response behavior and the 
ionization efficiency of the target compounds as described in details in the following.

SAWN improves repeatability of LTPI‑MS analysis.  The most striking new observation was an 
improved variance in the SAW-measurements. The median repeatability (assessed as median of the relative 
standard deviation of each analyte in replicate analyses) of LTPI analyses with paper targets was 46%, though 
decreased to 24% upon using SAWN. For signal response of dissolved analytes in mass spectrometry, desorption 
plays a crucial role27 and the occupation of the air–liquid interface is prerequisite to successful desorption of a 
molecular species. In this context, it is expected that the droplet size and thus the overall size of the air–liquid 
interface is indeed much more reproducible with SAWN than with spontaneous desorption from a paper target. 
This assumption is supported by the fact that the repeatability was also better in similar experiments employing 
electrospray and atmospheric pressure chemical ionization27 with pneumatically assisted nebulization in com-
parison to Paper-LTPI.

SAWN improves compound desorption.  Responsiveness is a generally recognized, critical parameter 
for the selection of a particular analytical technique for quantification of chemical compounds32. In mass spec-
trometry, responsiveness is mainly determined by the ionization efficiency. To understand the impact of SAWN 
on the ionization efficiency, we investigated the influence of the analyte characteristics on the corresponding 
signal intensity. For this, we analyzed the correlation between characteristic chemical constants available from 
public databases (see experimental section) with the relative response of our analytes in each of the two setups. 
One group of physico-chemical descriptors determines the ionizability of an analyte by protonation in solution 
or in the gas phase. Since all analytes are nitrogen bases, ionizability should be related to their polarity (constants 



3

Vol.:(0123456789)

Scientific Reports |         (2021) 11:2948  | https://doi.org/10.1038/s41598-021-82423-w

www.nature.com/scientificreports/

such as the logarithmic measure of the partition and distribution coefficients, logP and logD) and basicity (nega-
tive decadic logarithm of the acid dissociation constant, pKa, proton affinity, gas phase basicity, free energy of 
gas phase protonation). Descriptors of the second group such as the molar size, the molecular polar surface area, 
solvent accessible molecular surface area, surface tension and volatility-related constants (such as boiling point, 
vapor pressure and vaporization enthalpy) are rather expected to be important for the desorption of an analyte 
from a droplet28. Table 1 shows the correlation factors of the analytes’ molecular descriptors to their signal inten-
sity for both experiments.

In LTPI with paper targets, the desorption-determining parameters of (a) surface activity, represented by non-
polar-surface area (positive correlation, +), logP (+) and molar volume (+), and (b) evaporability, represented by 
surface tension (negative correlation, −) and vaporization enthalpy (−), were shown to strongly determine the 
signal response28. In SAWN-LTPI, however, non-polar-surface area, logP and molar volume lose in importance 
indicating an improved desorption through application of SAW. Among the tested molecular descriptors, only 
surface tension, vaporization enthalpy and free energy of gas-phase protonation appeared to be most important 
for signal response during SAWN-LTPI.

Surface tension and vaporization enthalpy are descriptors related with the efficiency of transmission of the 
analyte from the liquid to the gas phase while the descriptors of polarity would rather determine ionization effi-
ciency. In contrast to Paper-LTPI28, logP is not as crucial for SAWN-LTPI, while non-polar surface area and, strik-
ingly, vaporization enthalpy and the free energy of gas-phase protonation (describing the reactivity of ionization 
by protonation of the neutral analyte desorbed to the gas phase), have a major influence. As such, our observation 
suggests that with SAWN-LTPI analyte desorption still plays a major role while potential pre-ionization in the 
liquid sample loses importance for ionization efficiency. Consequently, the implementation of SAWN appears 
to alter the ionization mechanism of LTPI toward faster desorption of the analyte, favoring a scenario in which 
desorption proceeds faster than ionization of the analytes and thus occurs increasingly in the gas phase.

Ions with larger molecular volumes occupy a larger proportion of the droplet surface than smaller ions33, which 
was suggested to support desorption. This effect has not yet been studied for neutrals in solution, although our 
results show that it is rather the size of the nonpolar surface that influences desorption in LTPI27,28,34. For SAWN-
LTPI, our results suggest that desorption of the neutral analyte is favored and indeed, the molar volume is not 
particularly related with signal response.

SAWN reduces the selectivity of LTPI.  Another interesting result of our experiments is the reduced 
selectivity observed with SAWN-LTPI. Thus, the interquartile range of the mean signal responses obtained with 
the different analytes decreased from > 20 in Paper-LTPI to < 3 (Fig. 1). The log-transformed relative response of 
Paper-LTPI was inverse proportional to the log-transformed signal ratio SAWN-LTPI/Paper-LTPI (r = − 0.74), 
i.e. the smaller the response in Paper-LTPI the more it was enhanced with SAWN-LTPI. This fact can be particu-
larly advantageous for non-targeted analyses, i.e. if multi-component or unknown mixtures are to be analyzed 

Table 1.   Comparison of Pearson’s correlation coefficients r between the log-transformed signal intensity of 
the investigated target compounds obtained with Paper-28 and SAWN-LTPI, and their molecular descriptors. 
Values with large differences are labeled bold. Scatterplots of the raw data are presented in the electronic 
supplementary material ESM S4. *Significant correlation (p < 0.05). a Spearman’s ρ to meet the precondition of 
homoscedasticity with SAWN-LTPI; note that the Pearson’s correlation coefficient of regression analysis with 
the Paper-LTPI response is r = 0.86. b Spearman’s ρ to meet the precondition of homoscedasticity with Paper-
LTPI; note that the Pearson’s correlation coefficient of regression analysis with the SAWN-LTPI response is 
r = 0.71.

Pearson’s correlation 
coefficient r

Nonpolar surface area 
(Å2) logP Molar volume (m3/mol)

Vaporization enthalpy 
(kJ/mol) Surface tension (mN/m)

Free energy of gas phase 
protonation (kJ/mol)

Paper LTPI14 0.77* 0.47* 0.44* − 0.63* − 0.81*,a 0.63*,b

SAWN-LTPI 0.46* 0.22 0.02 − 0.73* − 0.72*,a 0.73*,b
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Figure 1.   Boxplots of the log-transformed mean signal intensities over all substituted anilines (1 mM) analyzed 
with LTPI after either desorption from a paper target (“LTPI”, on the left) or coupled to SAWN (“SAW”, on the 
right).
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as comprehensively as possible, because a more similar signal pattern to the actual concentration profile in the 
sample can be expected. Furthermore, this feature is also useful for mobile applications, since available mobile 
mass spectrometers do not yet provide a wide dynamic range compared to stationary mass spectrometers in 
laboratories.

Median (factor 1.5) and first quartile (factor 3) signal intensities increased in SAWN-LTPI compared to the 
experimental setup with paper targets suggesting a better overall sensitivity for the coupling. The maximum 
signal intensity, however, decreased to 35% of the Paper-LTPI value using SAWN-LTPI. Whilst this reduced 
sensitivity for the more abundant analytes is a tradeoff, the favorably decreased selectivity of the technique still 
is particularly advantageous for multi-selective analyses and the implementation with mobile instruments as 
explained earlier. Compared to Paper-LTPI, however, the response of the three rather low abundant analytes 
4-aminopyridine, 4-nitroaniline and 4-aminobenzonitrile was only about 29, 32 and 23%, respectively. (Note 
that curiously, this observation seemed particularly true for the analytes with non-protic electron-withdrawing 
substituents in para position to the amino group.) To compensate for this drawback, it would indeed be desirable 
to further improve the sensitivity. In this context, we suggest to further investigate the reduction of droplet size 
via adjustment of SAW wavelength/frequency35, liquid flow rate12 or even surrounding air humidity36 to coun-
teract this effect. The increase in the droplet surface-to-volume ratio can further improve desorption of neutrals 
and thus the ionization efficiency and the corresponding signal intensities. Moreover, increasing the number of 
available charge carriers or changing the type of the charge carriers—e.g. by process gas additives—might also 
be an interesting approach to improve the efficiency of the ionization process.

Despite the strong correlation of response with the vaporization enthalpy, the influence of the latter on the 
signal intensity was weaker compared to Paper-LTPI with spontaneous evaporation of the solvent (lower slope of 
the trend line, -6 vs. -9, supplementary figures ESM 4). Curiously, certain analyte groups responded particularly 
well to SAWN, e.g. those with a primary amino or hydroxyl group as second substituent (or, in return, these 
analytes were particularly poorly ionized by Paper-LTPI). Figure 2 shows the log-transformed signal response 
of these analytes with both techniques compared to the analytes methylated instead at the corresponding sub-
stituent. Thus, phenylenediamines and aminophenols with free amino and hydroxyl groups show a rather low 
signal intensity with paper LTPI after spontaneous evaporation compared to anisidines and toluidines with 
–CH3 and –OCH3 substituents (though dependent on the substituent and its position). Using SAWN-LTPI, in 
contrast, a higher, again more evenly distributed signal intensity is achieved. This observation again illustrates 
the favorable selectivity of the technique, since all analytes have a more similar molar response. SAWN achieves 
this improved selectivity without additional heating, which makes this method particularly interesting for heat-
sensitive analytes.

For few less polar analytes, however, the signal response of Paper-LTPI was still higher than after SAWN. A 
possible scenario might be that for SAWN, available ionizing species formed by LTPI in the gas phase react to a 
larger extent with solvent molecules (which desorption should be improved as well by the technique) instead of 
the desorbed analytes than during the slower aerosol-formation in Paper-LTPI. In SAWN-LTPI, the concentra-
tion of solvent molecules in the gas phase competing for charge with the desorbed analytes is probably higher 
and therefore, analytes with a higher gas phase protonation energy are more successful in this process. This 
scenario is in agreement with the higher signal observed for analytes with a smaller (i.e. negative) protonation 
energy. Finally, concerning the higher selectivity with Paper-LTPI, the paper material (mainly cellulose) might 
interact with the ionization process enhancing desorption of less polar analytes and simultaneously impairing 
desorption of the polar compounds leading to the observed response effect. This potential interaction is avoided 
in SAWN-LTPI.
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Figure 2.   Analytes with a free amino (phenylenediamines) or hydroxyl group (aminophenols) as second 
substituent (left) responded particularly well to SAWN-LTPI (“SAW”) while methyl group-substituted analytes 
(anisidines and toluidines, respectively, right) were particularly favored with Paper-LTPI (“LTPI”).
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Conclusion
Surface acoustic wave nebulization assistance in LTPI-MS provides a substantial signal enhancement up to fac-
tor 8 for the response of aminophenols and phenylenediamines without sample heating, presumably through 
improved desorption due to an increase in accessible droplet surface area. This suggests that coupling of LTPI 
with techniques effectively nebulizing a liquid sample will be highly beneficial for the obtained signal response.

According to correlation analysis with various molecular descriptors, the negative impact of the compounds’ 
polarity is significantly reduced in SAWN-LTPI compared to LTPI after spontaneous sample evaporation from 
a paper target as a model system for wet surfaces. Consequently, we suggest desorption of the neutral analyte, 
improved by nebulization and followed by gas phase ionization, to be the favored mechanism in SAWN-LTPI 
resulting in a higher relative sensitivity for polar analytes. However, results from a comparison of LTP and 
atmospheric pressure chemical ionization27 imply that mere enhanced nebulization is not solely responsible 
for the lower dependence of signal response after SAWN on the polarity as well as on the molar volume of a 
compound; type and number of available charge carriers could become more important as desorption improves. 
Here, a comparison of SAWN with other nebulizing techniques such as nanospray31 a.o. as well as optimizing 
the parameters for subsequent LTPI might be interesting future approaches to further investigate the reference 
variables of the ionization process and their interactions.

The lower selectivity of SAWN-LTPI reduces the requirements on the dynamic range of a downstream mass 
spectrometer, which is beneficial for the use in miniaturized devices with an often-limited dynamic range. 
Unfortunately, the dynamic range at least partly decreased by a lower signal intensity of less polar analytes such 
as anisidines and toluidines (up to 30% on average compared to the original set up). However, the unique feature 
of aerosol droplet size adjustment with the SAWN chip, e.g. by simple wavelength modulation, is expected to 
further improve the detection limits with SAWN-LTPI-MS and compensate for this loss of sensitivity. Using 
other solvents with different vaporization characteristics might also be a promising approach.

The use of biochemically inert nano-materials in the SAWN chip device with chemically stable epoxy poly-
mer microchannels enabled the precise, continuous supply of a liquid into the propagation path of the acoustic 
wave facilitating a controlled and continuous operation over several hours. Thus, the microchip exhibits great 
potential for implementation in automated online monitoring, even with portable MS devices, as the samples 
can be continuously nebulized directly or within a carrier solvent. Most importantly, the small size and simple 
coupling of the microdevice allows for an easy integration into lab-on-a-chip setups and further miniaturization 
of mass spectrometric instruments. This has the potential to enable the use of this incredibly useful technology 
even in impassable situations. To advance the performance of quantification with SAWN-LTPI MS, however, 
future experiments are required to explore ways to decrease the variance, further improve the detection limits, 
and to compensate for matrix effects dramatically affecting the accuracy of analysis with ambient ionization 
methods, especially for complex matrices.

Materials and methods
Chemicals.  For our investigation, we used the same compounds as for Paper-LTPI28 and in a compari-
son between Paper-LTPI, ESI and APCI27: 3-aminophenol, 2-fluoroaniline, 3-fluoroaniline, 4-fluoroaniline, 
2-methoxyaniline (o-anisidine), 3-methoxyaniline (m-anisidine), 4-methoxyaniline (p-anisidine), 2-nitroani-
line, 3-nitroaniline, 4-nitroaniline, 3-methylaniline (m-toluidine), 3-aminoaniline (m-phenylenediamine), 
4-aminoaniline (p-phenylenediamine), 2-aminobenzonitrile, 3-aminobenzonitrile and 4-aminobenzonitrile 
from Sigma Aldrich (Taufkirchen, Germany); 2-methylaniline (o-toluidine), 4-methylaniline (p-toluidine) from 
Fluka (Buchs, Switzerland) and aniline from Acros (Geel, Belgium). Acetonitrile (ACN, LC–MS grade) was from 
VWR (Dresden, Germany) and water (LC–MS grade) from BIOSOLVE (Valkenswaard, Netherlands). 2-ami-
noaniline (o-phenylenediamine), 2-aminopyridine, 3-aminopyridine, 4-aminopyridine, 2-aminophenol, 4-ami-
nophenol, 2-aminobenzoic acid, 3-aminobenzoic acid, 4-aminobenzoic acid, sulfanilic acid and 4-chloroaniline 
were kindly provided by Prof. em. S. Berger (University of Leipzig, Germany).

SAW nebulization.  The compact aerosol generator, used in this study, utilizes surface acoustic waves 
(SAWs) to disintegrate an acoustically stabilized liquid film with a thickness in the order of the SAW wavelength 
into µm-sized droplets; it operates without macroscopically moving parts or nozzles. A schematic of the main 
components is shown in Fig.  3. Construction and configuration of the device was described earlier11,12. The 
droplet size for a given liquid can be optimized adjusting the applied SAW wavelength, IDT design (Interdigital 
Transducers, λ/4 type, here 90 μm wavelength, 46 electrode pairs, 0.5 mm aperture, matched to 50 Ω impedance 
by the number of finger electrodes) and the liquid flow rate. The mean droplet size is ~ 8 µm in 25 mm distance 
from the chip surface using deionized water as supplying liquid. A microscopic image of the SAWN chip with 
90 µm wavelength and the associated measured amplitude distribution is shown in the Electronic Supplemen-
tary Material Fig. S2. Signals were supplied at the high operation frequency of the IDTs via SMA cables from a 
dual-channel PowerSAW signal source (PSG, BelektroniG GmbH, Germany) with an electrical forward power 
of 1.9 W for each IDT. Before aerosol generation, the electrical rf-behavior of the chip was investigated based 
on its complex scattering parameters in a frequency range around the excitation frequency. Electronic Supple-
mentary Material Fig. S3 shows the corresponding “resonance curves” of the chip layouts used in this work. For 
SAWN-LTPI-MS experiments, the outflow capillary from the sampler was connected to the microchannels via 
sealing rings, a PEEK block with drilled holes and PTFE tubing.

Plasma source parts and configuration.  A custom plasma source23 consisting of an ignition trans-
former (EBI4 CM S, Danfoss, Nordborg, Denmark) and a glass tube (GC liner, Thermo Scientific, Waltham, 
MA, USA) with two surrounding outer electrodes made of copper foil tape (Noll GmbH, Wörrstadt, Germany) 
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was used for all experiments. The electrodes were isolated by Teflon housing. The ignition transformer converted 
230 V at 50/60 Hz to a peak-to-peak voltage (VPP) of 2 × 7.5 kV at a frequency of 25 kHz. Helium 5.0 (Air Liq-
uide, Düsseldorf, Germany) was used as plasma gas adjusted with an Ellutia 7000 GC Flowmeter (Ellutia Ltd, 
Ely, UK). Plasma source configuration was optimized based on the signal intensities of model compounds and 
plasma-ionized air species23 obtained with an Esquire 3000+ ion trap MS (Bruker Daltonics, Bremen, Germany) 
operated by Bruker esquire control software 5.3.

For conventional LTPI, spontaneous solvent evaporation from a paper target after application of the analyte’s 
solution was used28, while during SAW-assisted aerosol formation each solution was nebulized using the SAW-
device mounted on a 90° angle and in a distance of 0.5 cm in front of the MS inlet. The plasma source was placed 
at an angle of 30° towards the aerosol and in a distance of 0.5 cm to the aerosol and 1 cm to the MS inlet. Figure 4 
shows a schematic and a photograph of the experimental setup.

MS analyses and data evaluation.  Thirty aminobenzenes were prepared as 1  mM solutions each in 
ACN/H2O 1:1 (v/v). The analytes were supplied to the SAW aerosol generator at a flow rate of 50 μL/min via an 
Agilent 1100 autosampler and HPLC pump (Agilent Technologies, Böblingen, Germany).

Mass spectra were acquired on an Esquire 3000 + MS with the following instrumental parameters: high voltage 
off, dry gas (nitrogen) 1.5 mL/min at 350 °C, scan range: m/z 50–300, target mass: m/z 120. The number of ions 
per scan was limited to 20,000 with a maximum accumulation time of 200 ms and a rolling average of 3 scans. 
Optimized parameters for plasma ionization were as follows: process gas flow 20 mL/min, dielectric thickness 
2 mm, width and distance of the electrodes 10 mm each and distance of the electrode to the outlet 10 mm23. 
Data acquisition started immediately after application of the sample solution and continued for at least 2 min. 
Frequent solvent blanks ensured the absence of cross-contamination.

The response of each analyte was calculated as mean intensity (counts per second) of the corresponding 
molecular ion [M+H]+ in triplicate analysis. The total duration of the experiment was 6.5 h. During this time, 
the signal appeared to be stable and no general loss of instruments response was observed.

Figure 3.   Schematic of the compact SAW aerosol generator and photograph of a wafer with the used SAWN 
chips (before dicing).

ba

Plasma source

Mass
spectrometer

inlet

SAW-based
atomizer

Aerosol plume

Figure 4.   Scheme (a) and photograph (b) of the experimental setup for SAW-assisted LTPI.
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Characteristic chemical constants (negative decadic logarithm of the acid dissociation constant, pKa, molecu-
lar polar surface area, solvent accessible molecular surface area, logarithmic measure of the partition and distri-
bution coefficients logP and logD, respectively, proton affinity, gas phase basicity, boiling point, vapor pressure, 
vaporization enthalpy, and surface tension) were retrieved from public databases37–40. The molecular volume was 
calculated using the Spartan software package (Spartan 14, Wavefunction Inc., Irvine, CA, USA). The settings 
for calculation were DFT (density functional theory) B3LYP with a 6–31G* basis set. Linear correlation analysis 
of peak signal intensities with physicochemical characteristics (Pearson’s product-moment or Spearman’s rank 
correlation coefficient, r and ρ, respectively, and significance) was carried out using the Analysis ToolPak add-on 
of MS Excel 2013 (Microsoft Corp., Redmond, USA). (Spearmans correlation coefficient ρ was used if homosce-
dasticity was not met as prerequisite of Pearson’s correlation analysis.) The identification of outlier and review 
of appropriate data distribution were accomplished by inspection of scatterplots (ESI supplementary Fig. S4). 
Normal distribution of the presented data was confirmed by Kolmogorov–Smirnov test. Homoscedasticity for 
the presented correlations was confirmed by a Breusch-Pagan test (regression of squared residuals with an f 
value > 0.05).
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