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Abstract

RATIONALE—Direct analysis of chemicals on a surface using mass spectrometry is of great
importance in forensics, food and drug safety, environmental monitoring, and defense. Solvent
extraction-based surface analysis offers a convenient way of controlling the desorption conditions
and applying internal standards. To date, it mainly relies on a separate electrospray process to
nebulize and ionize the solvents. Here, we report a simple and standalone ionization system for the
solvent extraction-based surface analysis without the need of high voltage based on the vibrating
sharp-edge spray ionization (VSSI).

METHODS—We modified the original VVSSI device and developed a standalone, integrated
surface sampling, and ionization system for MS analysis. By incorporating a micropipette-based
solvent dispenser with the VVSSI device, the new system performs solvent extraction and
ionization, and still maintains a small footprint.

RESULTS—We demonstrated 4-order-of-magnitude linear response for glucose spotted on a
glass surface with a limit of detection (LOD) of 0.1 pg/mm2. We further characterized the
performance of this method with a series of compounds and demonstrated a similar LOD to
literature values obtained by desorption electrospray ionization (DESI). Finally, we applied this
method to quantitatively measure the concentration of a pesticide ametryn on spinach surfaces. We
demonstrated good linearity (R2= 0.99) for ametryn with surface densities in the range of 8-800
pg/mm? and an LOD of 9 pg/mmZ.

CONCLUSIONS—We have demonstrated a simple, effective, direct ambient-ionization method
that is highly sensitive to molecules on a wide range of surfaces. The flexibility, small footprint,
low cost, and voltage-free nature of this method make it an attractive tool for direct surface sample
analysis using MS.

Introduction

Mass spectrometry (MS) is widely used in forensics, food and drug safetyl—3, chemical
analysis*-8, environmental monitoring’~12, plant sciences'3-14, materials and basic life
sciences!®16 and defensel7:18 as a reliable method to detect and identify minute amounts of
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chemicals with a high degree of accuracy, precision, and resolution®. In these diverse areas,
there is a need for rapid and direct detection of chemicals and biomolecules on various kinds
of surfaces?%-21 including: tissue surfaces, such as human skin, fruit, vegetable and leaf
surfaces, and many other natural and artificial surfaces?2. To apply MS analysis to the above
applications requires methods that directly sample a surface and subsequently ionize the
molecules. To date, several ambient-ionization methods have been reported that can be
applied to the direct characterization of molecules on surfaces. Desorption electrospray
ionization (DESI)23 and direct analysis in real time (DART)24 are the most widely used
direct-ionization methods for surface molecules. They have been used in many applications
including: analysis of drug tablets?®, detection of explosives2, chemical warfare agents and
drugs?227, toxicological analysis of bio samples28, and food control analysis of pesticides?®.
In DESI, the desorption and ionization can be optimized independently for improved
performance®0. Easy sonic spray assisted ionization (EASI) using pressurized gas to
generate liquid droplets shares a similar workflow to the DESI without the need of a high
voltage supply31:32, Laser ablation electrospray ionization (LAESI) reported by Vertes et a/
is another surface analysis method using MS33. LAESI is especially useful for studying
single cells due to its high spatial resolution and compatibility with aqueous solutions34.
Another example is atmospheric pressure matrix assisted laser desorption ionization
(APMALDI), which eliminates the need for extensive sample preparation and the vacuum
requirements of conventional matrix assisted laser desorption ionization (MALDI)35.
APMALDI has the capability to fragment a target molecule and thus provide fragment ion
information that can be used for molecular identification36. Recently, Trimpin et a/reported
matrix assisted ionization (MAI), a technique that does not require a laser for desorption and
ionization, making it an attractive method for rapid and convenient surface analysis3’—39,
Based on the method employed for desorbing surface molecules, there is another surface
analysis category, termed solvent extraction-based surface analysis. This method employs a
solvent to desorb molecules from the surface with subsequent ionization of the sample
analytes. These methods include nano desorption electrospray ionization (nanoDESI)*?,
probe electrospray ionization (PESI)*L, and liquid extraction surface analysis (LESA)*2. The
major advantage of solvent extraction-based analysis is that internal standards can be easily
added to the desorption solvent thereby facilitating the quantification of surface molecules
using MS.

Existing solvent extraction-based surface analysis methods require high voltage to nebulize
the solution and ionize the targets, resulting in a complex system setup and/or the
requirement of well-controlled fluid flow. A potential simple and voltage-free method for
solvent extraction-based surface analysis is solvent assisted inlet ionization (SAII), which
utilize the vacuum at the mass spectrometer inlet for ionization of liquid samples*3. For
samples that are difficult to attach to the inlet, this method could require modification of the
mass spectrometer inlet to extend the vacuum line. Recently, we reported a new mechanical
vibration-based ionization method termed vibrating sharp-edge spray ionization (VSSI)#4:45
in which liquid samples are nebulized at the sharp-edges of a vibrating glass slide. Existing
acoustics-based methods generate droplets from liquid on a vibrating substrate for
ionization#6-48, For VVSSI, we have demonstrated two working modes: on-substrate
ionization and touch ionization. The touch ionization mode is directly compatible with the
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solvent extraction-based workflow, and it can thus be a convenient method for direct surface
MS analysis due to its simplicity and flexibility. However, to date, the potential of VVSSI for
direct surface analysis has not been explored. In this work, using the VVSSI principle, we
developed a standalone surface analysis method that has a credit card-sized footprint (Figure
1). We integrated a dispenser to precisely guide solvent onto the surface for analysis without
adding extra bulk that affects the performance of the VSSI. This method allows efficient
surface sampling and ionization with a high degree of reproducibility, and the quantification
capability for MS analysis. We tested the feasibility of this method for the analysis of
chemicals ranging from small polar molecules, a small drug molecule, a pesticide and non-
polar molecules to a peptide (specifically, we tested acetaminophen, glucose, phenylalanine,
caffeine, reserpine, angiotensin Il, cholesterol, raffinose, verapamil and ametryn). Our
results showed similar sensitivity to recent literature values reported for DESI2349, Using
this VSSI method, a four order-of-magnitude linear response for dried glucose is achieved
with a limit of detection (LOD) of 0.1 pg/mm2. More importantly, VSSI enables the direct
analysis of chemicals on a surface without the need of complex procedures or external
equipment. For example, we demonstrate the direct analysis of pesticides on organic spinach
surfaces with a linear response range of two orders of magnitude. This new method offers a
new means of direct surface probing on any sample surface without prior sample
preparation, which greatly improves the flexibility and biocompatibility of MS surface
analysis.

Experimental

Materials and reagents.

We used: high performance liquid chromatography (HPLC) grade water, methanol, and
chloroform from Fisher Scientific (Waltham, MA, USA); caffeine, acetaminophen, glucose,
ametryn, and reserpine from Sigma Aldrich (St. Louis, MO, USA); angiotensin II,
phenylalanine, verapamil, and raffinose from Alfa Aesar (Tewksbury, MA, USA);
cholesterol from Avanti Polar Lipids (Alabaster, AL, USA); and super-hydrophobic coating
(Ultratech International, Jacksonville, FL, USA) An analytical balance (Accuris Instruments,
Edison, NJ, USA) was used to measure weights of chemicals and droplets.

MS Instrument.

A Q-Exactive™ Hybrid quadrupole-Orbitrap™ Mass Spectrometer (Thermo Scientific,
Bremen, Germany) was used for all MS analyses. The resolving power of the mass
spectrometer is 140,000 (at /7/z200). All measurements were performed with an input
capillary temperature of 450 °C, injection time of 200 ms, with no sheath gas flow, no
auxiliary gas flow, and no spray voltage or spray current. The S-lens value was adjusted
between 30 and 50% depending on the molecules being tested.

VSSI Fabrication and Operation.

VSSI devices were fabricated by attaching an O-ring (~5 mm ID, 8 mm OD and 2 mm
thickness) to the VVSSI device roughly 25 mm from its vibrating sharp edge. The O-ring is
attached to the VSSI glass slide using UV-curing photopolymer (Norland optical adhesive,
Cranbury, NJ, USA). The modified dispenser is made by attaching the bulb of a commercial
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0.2-mL dispenser to a micropipette using epoxy (Devcon, Hartford, CT, USA). A detailed

fabrication of the VVSSI device is described in our previous work.* Briefly, a piezoelectric
diaphragm (Murata, Kyoto, Japan) is bonded to one end of a 24x60 mm?2 No.1 microscope
glass slide (VWR, Philadelphia, PA, USA) using epoxy.

The VSSI device is driven with a function generator (RIGOL LXI 2 Channel DG1022,
Beaverton, OR, USA) and a power amplifier (Mini-Circuits LZY-22+, Brooklyn, NY, USA)
at frequencies between 90 and 100 kHz. For direct MS surface analysis, the modified solvent
dispenser is positioned within the O-ring for delivering solvent for sample desorption and
subsequent ionization, as shown in Figure 1A. The device was positioned orthogonal to the
inlet of the mass spectrometer at ~5 mm for mass spectrometry measurements.

Sample Preparation.

To prepare surfaces with different chemical densities, a super-hydrophobic coating was used
to constrain the wetting area for sample deposition on a glass slide. Scotch™ tape was used
to mask the sample deposition area and a two-step super-hydrophobic spray process was
used to coat the taped front side. After coating, the tape was peeled off, and the glass surface
was wiped clean with HPLC grade methanol. This leaves a clean glass area surrounded by a
super-hydrophobic boundary. The solutions to be tested were added with the desired
concentration (typically, 1 mL was deposited on a 19x30 mm? surface area). For different
areas, to keep the surface density the same, it was normalized to the specific surface area
used (e.g., 2 mL was delivered for a larger 19x60 mm? area). For consistency and simplicity,
glass slides were used for all sample deposition as a representative surface. The areas used
included 60x19 mm?2, 30x19 mm?2, 10x19 mm?, 5x5 mm?, and 2.5x2.5 mm2. To ensure
deposition of sample analytes on the surface, 30x19 mm? was preferred as 1 mL of liquid is
well constrained within the sample area. The surface density of the analyte to be tested is
expressed in g/mm? by serial dilution of a standard solution to the desired concentration.
Thus, when 1 mL of sample was spotted on a 30x19 mm? area, the surface density (pg/mm?)
of the analyte was easily calculated.

For sample testing on realistic agricultural samples, spinach leaves of 10 mm diameter were
cut using a cork borer to ensure sample uniformity. The leaves were placed on a piece of
double-sided scotch tape affixed to a glass slide. Three uL of ametryn was spotted and, using
a small piece of Teflon, the drop was stirred until it dried to ensure a uniform surface
concentration.

Results and Discussion

Extraction and lonization of Analytes on the Surface.

As discussed above, the VSSI-based direct-surface analysis requires a step to extract surface
bound molecules into the solvent followed by the nebulization of the solvent for MS
analysis. Our previous studies demonstrated that VVSSI can nebulize and ionize the solutions
it contacts on a wide variety of surfaces*4. There are two possible sampling protocols for
VSSI-based direct surface analysis. The first is to add a solvent drop onto the surface of
interest and nebulize the drop using the VSSI system for MS detection. The other is to use a
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swab/wipe to collect samples from a wet surface and nebulize the solvent on the swab/wipe
with VSSI. The first protocol is straightforward and simple to apply, but the second protocol
could enrich target analytes by wiping through a large surface area. To determine the optimal
protocol, we compared the ion signals of 1 mL of 100 uM acetaminophen pre-spotted onto a
30x19 mm? glass surface (surface density 27 ng/mm?2) using both protocols. HPLC grade
water was used as the extraction solvent for both methods. The ion intensity of
acetaminophen using the first protocol is ~10 times that from the samples tested with the
second protocol, as shown in Figure 2A. We did not see a significant difference between
using a Q-tip® or a Kimwipe® in the second protocol. Because the second protocol may
benefit from a larger sampling area, we compared the performance of the two protocols
using different sampling areas. It was observed that, for the first protocol, for an increase in
area there was a slight but not substantial increase in the total ion count for the target, as
expected because the surface density of acetaminophen and the solvent volume was the same
in both cases. With the same solvent volume (~10 pL), a larger surface area does not
facilitate significantly more analyte extraction. For the second protocol, with the surface area
increased from 5x5 mm? to 60x19 mm?, we observed 10-fold improvement in ion counts as
expected due to the concentration effect using a Q-tip®, despite the total ion count still
being less than with the direct sampling protocol (see Figure 2B). Thus, further increasing
the sampling area should improve the second protocol. However, as 60x19 mm? is already a
large surface area, further increasing the sampling area may not be feasible for many
applications. In addition, using larger surfaces could introduce more contaminants into the
solution, which may suppress the ionization of target analytes. Therefore, we decided that
the first protocol, direct extraction and ionization, was optimal and we use it in the VSSI-
based surface analysis.

To develop a standalone device for the direct extraction protocol, we integrated a simple
solvent dispensing unit into the VVSSI device. We attached an O-ring to the side of a VSSI
glass slide roughly 25 mm from the vibrating edge, which effectively incorporates a small
dropper into the VSSI device. By squeezing the dropper, solvent is added onto the target
surface close to the vibrating sharp-edge of the VVSSI device. We studied the volume and the
consistency of the dropper dispenser. For solvent extraction-based surface analysis, using
small volumes results in less target dilution, which benefits the sensitivity of the analysis.
However, if the sample volume is too small, the variation of the droplet volume and the
effect of solvent evaporation will introduce extraction error into the analysis. We tested and
compared two microdroppers for dispensing extraction solvent, as shown in Figure 2C. The
first dropper consists of a commercial 0.2-mL disposable transfer pipette. The second
dropper is a fabricated by using a P10 micropipette tip (0.5 pL-10 uL volume) attached to
the bulb of 0.2-mL commercial pipette to reduce the orifice diameter. To characterize the
effect of orifice diameter for the two pipettes, on a plastic disposable weigh boat, a drop of
water from each pipette was weighed. The weights of 50 drops of water from each pipette
were used to determine the consistency of the dropper. The results showed that the
commercial dropper dispensed ~20 mg per drop with a CV of 6%, whereas the customized
dropper dispensed ~10 mg per drop with a CV of 3% (see Figure 2D). Based on this smaller
volume and improved consistency, this customized micropipette was selected as the
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dispenser. By applying a ~93 kHz signal to the transducer, we observed plume generation
using a driving voltage of ~20 V;, (Figure 2E).

We also studied the positioning of the vibrating sharp-edge with respect to the inlet of the
mass spectrometer and its effect on ion intensity. The range of glass slide positions from
planar to perpendicular positioning was tested. It was observed that the best plume
generation was obtained for the perpendicular position. Thus, the VSSI device was
positioned orthogonal to the inlet at 5 mm from the mass spectrometer to achieve the
maximum collection of ions for improved analyte ion signal intensity.

Characterization of VSSI-MS for Detection of Chemicals on a Glass Surface.

With the optimized setup geometry and operational parameters, we characterized both the
qualitative and the quantitative performance of the VSSI-based surface MS analysis for a
series of molecules. Chemicals were first deposited onto glass surfaces by drying solutions
of known analyte concentrations. The spotting area is controlled using a super-hydrophobic
coating to confine the solution on the glass surface. We first tested the sensitivity of the
VSSI method for the chemicals listed in Table 1. The LODs were calculated as the mean of
intensity at the target /7/z values in a blank solution plus 3 times the standard deviation for
15 trials.

Direct surface analysis with VVSSI achieved similar sensitivity (in the pg/mm? range) to the
results obtained with DESI experiments for most of the compounds. Notably, for
carbohydrates such as raffinose and glucose (see Figure 3A for glucose mass spectrum),
VSSI shows lower LODs of 1 pg/mm? and 0.1 pg/mm?, respectively, compared with the
DESI values of 100 pg/mm? and 90 pg/mm?, respectively®02, These lower LODs probably
indicate better desorption efficiency for these highly hydrophilic molecules with VSSI. In
contrast, the LOD for the more difficult to protonate molecule, cholesterol, is ~15-times
higher for VSSI than for DESI, which could be due to a lack of excess charge carriers
available for ionizing cholesterol?3. Only the sodium adduct peak for cholesterol was
detected with VSSI. In addition to the small molecules, VVSSI-based direct surface analysis
also works for peptides. We tested angiotensin Il samples by depositing them on glass
surfaces. A charge state of +3 was the dominant peak in the water/methanol (v/v: 1:1)
desorption solvent. The LOD (0.05 pg/mm?) for angiotensin 11 with \V/SSI is in a similar
range to that obtained with DESIZ3,

VSSI had advantages over current solvent extraction-based methods that require high
voltage to nebulize the solution and ionize the target. One advantage of VSSI is that it is a
solvent extraction-based surface analysis method so that an internal standard can be easily
added directly to the solvent. In additional, in VVSSI, extraction (dissolution) of analytes from
the sample surface and subsequent nebulization leading to ionization occur in a concerted
two-step process. Furthermore, the nebulization efficiency does not strongly depend on the
solvent properties for common solvents: water and organic solvents. For small polar
molecules (e.g., acetaminophen (Figure 3B), glucose, phenylalanine (Figure 3C) and
raffinose, water is used for extraction and ionization. For chemicals with higher octanol-
water partition coefficients (e.g., verapamil and ametryn (Figure 3D) methanol is used for
extraction and ionization. We can also optimize the extraction-nebulization efficiency using
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a combination of solvents. Because extraction of chemicals and ionization happens in this
two-step process, we can choose a mixture of a solvent that optimizes extraction and one
that affects nebulization/ionization. For example, for caffeine and cholesterol, which are
highly soluble in chloroform, methanol was added to allow protonation of the analyte, so
that it is detected in positive ion mode. Finally, for reserpine and angiotensin Il (Figure 3E),
methanol: water (1:1) presented a suitable combination of solvents.

Overall, these results indicate that VSSI-based direct surface analysis has similar
performance to DESI, the most widely used surface-analysis ionization method. Considering
the simplicity in setup and the more controllable process for surface-analyte desorption,
VSSI will be advantageous for a number of applications that requires portable analysis
platforms especially where irregular surfaces are involved.

We also characterized the quantification potential of the VSSI method for surface samples.
A range of surface densities of glucose was deposited on glass slides at concentrations from
0.1 pg/mm? to 1000 pg/mm2. Direct sampling was employed using water as the solvent. The
plot of total ion count vs surface density shows a linear response over 4 orders of magnitude
(with R?= 0.982) (Figure 4). This demonstrates the applicability and feasibility of using the
VSSI approach for quantitative surface chemical analysis. Notably, here VSSI demonstrated
good linear response for a simple sample without using an internal standard, indicating the
robust performance of this protocol. For more complex samples, this protocol is also
compatible with the use of an internal standard by simply adding a known amount of the
standard molecule to the extraction solution. In summary, we have demonstrated that this
simple VSSI-based direct-surface MS analysis yields performance that is comparable with
the well-established DESI approach, which requires a more complex system setup.

Testing of Real Samples.

Finally, we tested whether or not the VVSSI-based direct-surface analysis could be used to
detect pesticides on real fruit or vegetable surfaces. The simplicity of this VVSSI nebulization
method allows it to be applied to chemically characterize any surface that is compatible with
extraction solvents. Different surface textures and roughness have little impact on the VSSI
nebulization process; we tested the VSSI nebulization on a series of fruits and vegetables
including blueberries, tomato, romaine lettuce, bok choy and spinach (See Video 1,
Supporting Information, for direct nebulization on the surface of a tomato). We further tested
its quantification performance by spotting a pesticide, ametryn, onto the surface of
supermarket, organic spinach. It was important to deposit the same surface density of
pesticide on spinach leaves in order to quantify the pesticide. 10-mm diameter spinach
leaves were double-side taped to a glass slide to ensure flatness, and a 3-uL solution of
pesticide was spotted and stirred using a Teflon brush to ensure uniformity while the spot
dried. The pesticide solution used methanol as a solvent to promote quick drying and even
deposition. A micropipette was used to deposit 3 UL of methanol solution containing 1 uM
of caffeine as an internal standard, for extraction and ionization of the dried pesticide (see
plume in Figure 5A). The calibration curve plotted used the total ion count normalized with
respect to the internal standard to reduce signal variation (see Figure 5B). This curve shows
good linearity from 5 pg/mm? to 100 pg/mm?2 (R2= 0.998). By also testing blank spinach

Rapid Commun Mass Spectrom. Author manuscript; available in PMC 2021 October 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ranganathan et al. Page 8

samples, we determine the LOD of ametryn on a spinach leaf surface to be 5 pg/mm2. The
inset in Figure 5B shows the calibration curve for low surface densities. The maximum
allowable detectable amount of ametryn on a perishable surface3’ is estimated to be in the
range of ~3 pg/mm2. Therefore, the current sensitivity and linear range of the VSSI method
make it a useful tool for detection of pesticides on the surface of a pineapple, corn, and
sugarcane for which ametryn is used as a pesticide.

Conclusions

We have developed a solvent-extraction MS surface analysis method based on VSSI. We
systematically characterized the performance of this method and demonstrate the
performance of this method as being comparable with that of existing direct-analysis
ionization methods. This VSSI-based method provides a convenient means of probing
surfaces for chemical characterization by MS without the need for sample preparation. The
simplicity, flexibility, small footprint and low power consumption of VSSI make it an
attractive ionization strategy for MS. We expect that it will be especially useful for analyzing
fragile molecules that are sensitive to electrochemical oxidation or for studying
biomolecules directly in their native state and environment. Future studies will include
exploring the imaging capabilities of this VVSSI-based method to allow for mapping the
concentration of analytes on surfaces.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A Piezoelectric

/”transducer Vibrating Sh_arp_-edge
| \ 3 Spray lonization

FIGURE 1.
A, Schematic of vibrating sharp-edge spray ionization (VSSI) for surface analysis and B, an

image of a complete VSSI surface analysis device including a piezoelectric diaphragm, a
cover glass, and a dropper
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A, Comparison of signal intensity of 100 pM acetaminophen spotted and dried on the same
sample surface area over direct Kimwipe swipe and Q-tip swipe sampling; B, comparison of
different sample surface areas and sampling types for 100 pM acetaminophen spotted and
tested using 1 uM caffeine as the internal standard; C, the commercial 0.2-mL pipette versus
the modified pipette tip used to dispense solvent; D, co-variance of droplets dispensed by the
two pipettes; and E, VSSI device in use for surface analysis showing the plume generated
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Linear curve of glucose deposited with different surface densities on glass slides from 0.1 to

1000 pg/mm?
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FIGURE 5.
A, Direct extraction and ionization of surface chemicals using vibrating sharp-edge spray

ionization and B, linear response of ametryn spotted on spinach leaves (the inset shows data
for lower surface densities)
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Table 1:

List of chemicals tested and solvent systems used for the analysis and their respective calculated LOD values
using the mean intensity of the blank solvent plus 3 times the standard deviation at the pertinent m/z values.
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VSSI
Analyte
LOD (pg/mm?) | Speciesdetected | Surface Solvent
Acetaminophen 1 [M+Na]* Glass H,0
Glucose 0.1 [M+Na]* Glass H,0
Phenylalanine 10 [M+Na]* Glass H,0
Raffinose 1 [M+Na]* Glass H,0
Verapamil 1 [M+H]* Glass CH30H
Ametryn 0.1 [M+H]* Glass CH30H
Caffeine 10 [M+Na]* Glass | CHCI3:CH30H (1:1)
Cholesterol 150 [M+Na]* Glass CHCI3:CH30H (1:1)
Reserpine 90 [M+2H]* Glass H,0:CH30H (1:1)
Angiotensin |1 0.05 [M+2H]* Glass H,0:CH30H (1:1)
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