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This dissertation describes the development and validation of a novel headspace extraction 

approach for high-throughput analyses of trace-level volatiles. Solid phase mesh enhanced 

sorption from headspace, or “SPMESH”, consists of a sorbent coated mesh that 

simultaneously extracts and pre-concentrates volatiles from the headspace of a sample. By 

laser-etching thin films of polydimethylsiloxane, SPMESH Sheets could be made to fit on 

multi-well plates. This allowed for extraction and pre-concentration of 24 samples in parallel, 

followed by automated analysis by Direct Analysis in Real Time mass spectrometry, or 

DART-MS. Extraction and desorption conditions for SPMESH Sheet-DART-MS were 

optimized to increase sensitivity, using a response surface methodology experimental design. 

Gaskets and clamps were created for the extraction setup to reduce headspace cross-

contamination between wells, which would artificially increase signal due to volatiles drifting 

between neighboring wells. Two analytes of interest were profiled in grapes, as markers of 

final wine flavor: 2-isobutyl-3-methoxypyrazine and linalool. Limits of detection were further 

improved with the use of high resolution MS for linalool (48 µg/L) and tandem MS for IBMP 

(4 ng/L). Using these optimized conditions, a multi-vineyard validation was performed using 

grapes harvested from June – September of 2019. Good correlations were found for both 
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compounds using SPMESH Sheet-DART-MS compared to the standard industry method: 

SPME-GC-MS.  

In a separate study, SPMESH Sheets were used for liquid desorption, using only 2 µL 

droplets to extract the headspace volatiles. This approach expands the range of compounds 

that can be detected, beyond those compatible with DART-MS. It also improves the spatial 

resolution of the SPMESH Sheet, previously limited to 4 mm by the DART source, to the size 

of a 2 µL drop, approximately 0.1 mm. Droplet desorption SPMESH has the possibility to be 

used in the future for mass spectral imaging studies of volatile and semi-volatile compounds.
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CHAPTER 1: INTRODUCTION 
	

 

Aroma is a critical component of flavor perception and arises from the presence of odor-active 

volatile compounds. However, measurement of odorants in a food matrix presents several 

analytical challenges. Human noses are capable of detecting sub-ng/L levels of certain aroma 

compounds, which requires instruments with sufficient sensitivity.1 Additionally, odorants 

consist of a variety of different compound classes, which may necessitate different approaches 

for sample preparation. For example, the human sensory detection threshold (the lowest 

concentration at which an odorant can be perceived) among pyrazines with different substituents 

varies by eight orders of magnitude, with odors ranging from raw potato to green bell pepper.1,2 

A suitable volatile analysis technique must be able to detect a variety of different compounds 

down to trace-level concentrations. 

Many applications of quantitative volatile analysis are targeted approaches, meaning the 

analytes of interest have already been established. Example applications for targeted volatile 

analyses include measurement of desirable odorants in plant materials to facilitate breeding 

efforts3,4 or screening of raw materials for quality control.5,6 Detection and quantification of 

every single volatile compound – of which there may be thousands – is not necessary to 

understand the sensory impact of a given gene or trait, or even an entire foodstuff. Due to effects 

from both the food matrix and other volatile compounds, less than 3% of detectable volatiles 

actually contribute to the aroma of food and beverages, and only 3-40 key odorants are needed to 

recreate the aroma of any given product.7 Therefore, a method that can adequately measure and 

quantify 40 or less relevant aroma compounds can be used to sufficiently assess the aroma of a 

food product. 
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Gas chromatography-mass spectrometry (GC-MS) is one of the few analytical techniques 

uniquely suited to routine, automated, trace-level, and quantitative analysis of most common 

odorants.1 GC-MS is often preceded by solid phase micro extraction (SPME), in which a sorbent 

fiber is suspended in the headspace of a sample to extract and preconcentrate volatiles.8,9 SPME-

GC-MS is a widely accepted standard approach for volatile analysis of foodstuffs; however, it is 

low throughput, with run times ranging from 30-60 min per sample, not including sample 

preparation or instrument maintenance and stabilization time. This is considerably slower than 

spectroscopic or colorimetric assays, routinely used in food analysis. The limited throughput of 

SPME-GC-MS (and other standard GC-MS methods) creates bottlenecks in areas of flavor 

research that generate large quantities of samples, such as plant breeding and quality control. As 

a result, many efforts have been made to create or adapt existing approaches to achieve faster 

analysis times. Fast GC is capable of increasing throughput up to 10-fold compared to typical 

GC while maintaining resolution by using shorter and narrower columns, fast ramping rates, and 

higher carrier gas velocities.10 However, Fast GC is difficult to perform with conventional GC-

MS instruments and has a lower sample capacity, which restricts limits of detection to the µg/L 

range.11 Commercially available electronic noses are essentially headspace-sampling devices that 

generate an electronic “fingerprint” of sampled volatiles. While automatable and high-

throughput, e-noses rely on a data interpretation system and lack molecular specificity necessary 

for volatile identification, unless paired with GC-MS.12 Finally, GC coupled with ion mobility 

spectrometry is another high-throughput fingerprinting approach, capable of analyzing a 

headspace sample in min, but again doesn’t generate molecular information, and would require 

additional instrumentation and databases to do so.13 Another approach to increase throughput is 

eliminating the time-consuming chromatography step from GC-MS. Selected ion flow tube-MS 



 

12 

is a direct analysis technique, meaning there is no chromatography: just headspace analysis by 

mass spectrometry. It is high-throughput (~1 min), somewhat sensitive (mg/L), and quantitative 

(with instruments capable of single ion monitoring or multiple reaction monitoring modes). 

However, it samples the vapor phase directly, diluting already trace-level aroma compounds with 

no simple way to integrate pre-concentration or other extraction methods.14  

Ambient ionization is another approach to bypass chromatography and introduce samples 

directly into the MS: ions are generated externally to the mass spectrometer, allowing for little-

to-no sample preparation. There are several types of ambient ionization sources and approaches 

for sample introduction; a few of which have potential for high-throughput, volatile analysis, 

imaging, and/or quantitative applications.15 Rapid evaporative ionization mass spectrometry 

(REIMS) has several different platforms for sample introduction, but is typically used in the 

iKnife format.15,16 In roughly 10 seconds, RF electric currents or mid-infrared lasers volatilize a 

sample, then the resulting fumes are aspirated through Teflon tubing, routed through an interface 

where solvent is introduced, and introduced to the mass spectrometer without any additional 

sample preparation steps. The iKnife can achieve spatial resolution as low as 50 µm.17 However, 

REIMS-iKnife is likely not appropriate for volatile analyses due to very small quantity of sample 

introduced, combined with dilution at the interface with solvent introduction, both of which 

decrease sensitivity. Another rapid, direct analysis technique is the Open Port Probe, a sampling 

interface similar to the iKnife but instead uses a continuously flowing solvent that takes up 

samples upon direct contact, with no preparation necessary.18 Among many different 

applications, recently the Open Port Probe has been coupled with SPME to increase sensitivity; a 

high-throughput alternative to SPME coupled with LC-MS capable of 15 seconds analysis 

times.19 Even with the introduction of pre-concentration by SPME, the use of solvent desorption 
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in this approach again complicates volatile analysis, which could be aided with direct immersion 

extractions, but would introduce matrix effects and SPME substrate competition. Finally, an 

ambient ionization technique called desorption electrospray ionization (DESI) has recently been 

applied in high-throughput, imaging studies of plants and tissues.20-23 The DESI source uses a 

stream of electrospray solvent angled toward a planar sample to extract analytes from the surface 

and propel them towards the mass spectrometer. While DESI is appropriate for small molecule 

analyses, it is not well suited to volatiles due to the use of solvent and potential for sample loss 

prior to desorption.  

While these ambient ionization techniques provide fast analysis times and minimal sample 

preparation, none are appropriate for volatiles due to solvent introduction (and therefore dilution) 

or insufficient sample size, both of which limit sensitivity.  As a result, ambient volatile analysis 

would require an ambient ionization technique that avoids solvent introduction, such as direct 

analysis in real time (DART). DART is well suited to the analysis of small (<1 kDa) non-polar 

compounds, which encompasses most volatiles,24 and has been used in spatially resolved 

analyses of non-volatile spots on TLC plates.25,26 To achieve trace-level quantitative DART 

analyses, both sufficient sample preparation and high-resolution mass spectrometry (HRMS) 

compensate for matrix effects and isobaric interferences introduced by the elimination of 

chromatography and lack of ion fragmentation.27 DART has been used for high-throughput 

analyses of pharmaceuticals, plant materials, pesticide monitoring, and forensic applications, 

such as illicit drugs or explosives.28 However, most of these applications do not require trace-

level (ng/L) detection thresholds like odorant analysis, and are often only semi-quantitative.29 

Cajka et al. were the first to report coupling SPME with DART-MS for metabolomics profiling 

of beer to increase the sensitivity of DART-MS.30 Since then, Pawliszyn’s group has created 
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several non-traditional SPME geometries that are more compatible with analysis by DART.9,27,31-

35 Notably, the SPME-TM (transmission mode) format consists of a metal mesh coated with 

sorbent particles, which can be directly immersed in a sample for pre-concentration and allowed 

to dry prior to analysis. Applications of SPME-TM thus far have focused on high-throughput, 

trace-level, and quantitative analysis of non-volatile compounds such as pesticides and drugs of 

abuse.27,32 

Building off the SPME-TM approach, previous work in the lab of Dr. Gavin Sacks (Cornell 

University) focused on the creation of a sorbent-coated mesh (SPMESH, or solid-phase mesh 

enhanced sorption from headspace) which can extract and pre-concentrate volatiles prior to 

analysis by DART-MS.36,37 In this method, stainless steel meshes were coated with a sol-gel 

solution of polydimethylsiloxane (PDMS)-divinylbenzene (DVB) mixture; a coating commonly 

used in commercial SPME fibers. When coupled to DART-MS these coated meshes were 

capable of ng/L sensitivity in real matrices with DART-MS analysis times well under one 

minute.36 Though effective and rapid, simultaneous extraction and analysis of multiple samples 

could not be easily performed with this individual-format SPMESH. 

This dissertation describes efforts to develop and validate novel SPMESH approaches for high 

throughput analysis of trace-level volatiles, based on the principles of the existing one-shot 

SPMESH. Chapter 2 details the creation, optimization, and proof-of-concept demonstration of 

SPMESH Sheets capable of parallel extraction from multi-well plates followed by automated 

DART-MS analysis. Chapter 3 describes further improvements to SPMESH Sheet-DART-MS, 

with an extensive validation using commercial grape samples. Chapter 4 describes the use of 

solvent droplets to desorb analytes from SPMESH Sheets prior to MS analysis. This approach 

can improve the selectivity of rapid SPMESH analyses through solvent selection and is also 
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compatible with a chromatographic step. Finally, future directions for using SPMESH Sheet – 

DART-MS for mass spectral imaging (MSi) are proposed in Chapter 5.  
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CHAPTER 2: PARALLEL HEADSPACE EXTRACTION ONTO ETCHED SORBENT SHEETS 

PRIOR TO AMBIENT-IONIZATION MASS SPECTROMETRY FOR AUTOMATED, TRACE-

LEVEL VOLATILE ANALYSES1  
 

 

ABSTRACT 

Headspace (HS) extraction and preconcentration of volatiles by solid-phase microextraction 

(SPME) can improve the sensitivity and selectivity of ambient ionization-mass spectrometry 

approaches like direct analysis in real time (DART), but previous approaches to HS-SPME-

DART-MS have been challenging to automate. This report describes the production of 

inexpensive, reusable solid-phase mesh-enhanced sorption from headspace (SPMESH) sheets by 

laser-etching mesh patterns into poly(dimethylsiloxane) (PDMS) sheets. Parallel headspace 

extraction of volatiles from multiple samples can be achieved by positioning the SPMESH sheets 

over multiwell plates and then attaching to a positioning stage for automated DART-MS 

quantitation. Using three representative odorants (3-isobutyl-2-methoxypyrazine, linalool, and 

methyl anthranilate), we achieved µg/L−ng/L detection limits with SPMESH-DART-MS, with 

the DART-MS step requiring only 17 min for 24 samples. Acceptable repeatability (24% or less 

day-to-day variation) and excellent recovery from a grape matrix (99−106%) could be achieved. 

Through use of a Teflon gasket and stainless steel spacers, cross-contamination between the 

headspaces of adjacent wells could be limited to roughly 1%. Optimum SPMESH extraction and 

desorption parameters were determined by response surface methodology. In summary, sheet-

based SPMESH provides a sensitive, readily automated approach for coupling with DART-MS 
																																																								
1 This chapter has been published: Bee, M. Y.; Jastrzembski, J. A.; Sacks, G. L. Analytical Chemistry 
2018, 90, 13806-13813. 
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and achieving high-throughput trace-level volatile analyses. 

 

INTRODUCTION  

Routine analysis of volatiles in foodstuffs and fragrances is often challenging because key 

odorants can be present at ng/L or lower concentrations.7 Quantitation of volatiles is commonly 

performed by gas chromatography-mass spectrometry (GC-MS), but a major limitation to this 

approach is its low throughput; a typical analysis can take 30 min or longer.1 Volatile analyses 

could potentially be expedited by eliminating the use of GC and employing ambient ionization-

mass spectrometry techniques like Direct Analysis in Real Time (DART).24 Although DART is 

well suited for surface characterization, such as detecting pesticide residues on fruits,38 

quantitation of trace level (sub-mg/L) components in bulk (mL) samples is usually not possible 

due to the lack of preconcentration and separation steps.37 Headspace solid phase 

microextraction (HS-SPME), which utilizes a sorbent-coated fiber to extract volatiles, is widely 

used prior to GC-MS to increase sensitivity and remove non-volatile interferences.35 The 

coupling of HS-SPME and DART-MS has been reported,8,30 but the sensitivity of SPME-DART-

MS is generally poor without the use of specialized positioning couplings37,19,39. It remains 

unclear if these approaches will be amenable to automation and high throughput analyses. 

The sensitivity of DART-MS is improved in “transmission mode” (TM), in which samples are 

loaded onto flat, porous substrates, such as a stainless steel mesh, prior to analysis.40 This sample 

introduction method improves reproducibility by normalizing the way ions are introduced to the 

mass spectrometer. TM-DART-MS has the added benefit that analysis of multiple sample spots 

from a surface is readily automated through use of a positioning stage.28 The design and usage of 

planar SPME devices, or thin film micro extraction (TFME),33,41 for sample introduction for GC 
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and LC-MS and in some cases specifically for ambient ionization-MS, has become a ubiquitous 

approach for preconcentration. For example, Gomez-Rios et al. reported that steel meshes coated 

with C18 particles embedded in a polyacrylonitrile (PAN) matrix can be used for trace-level 

SPME-TM-DART-MS analyses of nonvolatile analytes, such as drugs in urine, plasma, and 

saliva, or pesticides in food and environmental matrices.27,31,32 This approach is capable of µg/L 

detection limits or lower, but has not been investigated for use in volatile analyses because the 

device is directly immersed in the sample. 

We recently reported on solid phase mesh enhanced sorption from headspace (SPMESH),37 in 

which a commercial stainless steel mesh is coated with polydimethylsiloxane (PDMS)37 or other 

sorbent materials,36 and suspended in the headspace of a sample to extract and preconcentrate 

volatiles prior to TM-DART-MS. Unlike other TM-DART-MS-based approaches, SPMESH is 

selective for volatiles, and — when coupled with MS/MS or high-resolution mass spectrometry 

(HRMS) — can achieve detection limits in the mg/L to ng/L range, appropriate for measuring 

most odorants.36,37 However, coating individual meshes is tedious and time consuming. 

Furthermore, although individual SPMESH analyses only required 10 seconds for data 

collection, the extraction step required 30 minutes, and parallel extraction and analysis of 

multiple samples could not be conveniently performed.36,37 Parallel SPME extraction of analytes 

from multiple samples has been described previously;42-48 however, these approaches would 

extract both volatiles and non-volatiles, increasing the likelihood of interferences during trace-

level volatile analysis. 

 In this work we demonstrate that laser-etched PDMS-based SPMESH sheets can be used for 

parallel extraction and preconcentration of volatiles from multi-well plates. Following volatile 
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extraction, these SPMESH sheets can be combined with automated TM-DART-MS for high-

throughput analyses of trace-level of volatiles. 

 

MATERIALS AND METHODS 

Materials. PDMS sheets (CultureWell Silicone Sheet, 0.25 mm thick/13 cm × 18 cm) were 

purchased from Grace Bio-Labs (Bend, OR). Deep well, 10 mL, 24-well plates were purchased 

from VWR (Randor, PA). The three test odorants (Figure 1), 3-isobutyl-2-methoxypyrazine 

(IBMP) (> 99% purity, FCC, FG), linalool (> 97% purity, FCC, FG), methyl anthranilate (MA) 

(> 99% purity, FCC, FG) were purchased from Sigma-Aldrich (St. Louis, MO), along with 

HPLC-grade methanol. d3-IBMP (> 98% purity, 99% D) and d3-linalool (> 98% purity, 99% D) 

were purchased from C/D/N Isotopes (Pointe-Claire, Quebec), and d3-MA (> 98% purity, 99% 

D) was purchased from Aroma Lab (Planegg, Germany). Spacers and clamps were machined by 

the Cornell University LASSP machine shop (Ithaca, NY). Grapes (Vitis vinifera cv. 

‘Lemberger’) were harvested at commercial maturity from a Finger Lakes Community College 

vineyard (Dresden, NY) during the 2016 harvest, and were kept frozen at -20 °C until analysis. 

 

Figure 1. Structures of IBMP, linalool, MA and their deuterated analogs. 

SPMESH Sheets — Production and Optimization of Mesh Size. PDMS sheets were cut to fit 

24-well plates (127 x 85 mm) prior to laser etching. Laser etching was performed by Cornell 
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University’s NanoScale Science and Technology Facility (Ithaca, NY) on a VersaLASER 

VLS3.50 from Universal Laser Systems (Scottsdale, AZ). To determine a suitable mesh lattice 

size, a prototype was made with three size square cutout sizes: 1.5 × 1.5 mm, 1.0 × 1.0 mm, and 

0.5 × 0.5 mm, each taking up one-third of the area of the sheet. For subsequent experiments, 

square cutouts (0.5 mm × 0.5 mm) were etched at 0.5 mm spacing on the PDMS sheet to 

resemble a mesh with an 11 mm border. The laser etch trace was repeated three times for each 

cutout. Prior to its first use, the protective plastic liners from either side of the SPMESH sheet 

and the sheet were baked out at 250 °C for 60 min in a GC oven. 

SPMESH Analyses – General Approach. The general approach to DART-MS analysis is 

depicted in Figure 2. A SPMESH sheet is positioned over a multiwell plate loaded with samples 

and incubated. In the optimized version of the apparatus, the SPMESH sheet was positioned 

between two stainless steel spacers, and a Teflon gasket was positioned between the bottom 

spacer and the multiwell plate. More details are provided in “Headspace Cross-Contamination 

(HSCC) Among Wells during SPMESH Extraction”. During extraction, the apparatus was 

covered with a stainless steel plate and clamped in place with butterfly nuts and bolts (Figure S-

5). After extraction, the etched-SPMESH sheet was placed in the XZ positioning stage for 

DART-MS analysis. Extraction and desorption conditions varied among experiments, as 

described below (“Optimization of Etched-SPMESH Extraction and Desorption Conditions”). 

Following analyses, SPMESH sheets were baked out (see “Optimization of Bakeout 

Conditions”) and well plates were rinsed three times with deionized water and air-dried prior to 

reuse.  

DART and HRMS Conditions. For all experiments, a DART Standardized Voltage and Pressure 

(SVP) ion source and 3DS-XZ automated positioning stage (Ionsense Inc. Saugus, MA) were 
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coupled to a mass spectrometer by a Vapur® interface (Ionsense Inc. Sangus, MA). The DART 

source was operated in transmission mode. The 3DS-XZ was controlled by the DART-SVP web-

based software, which allowed for manual positioning of an etched-SPMESH sheet in front of 

the mass spectrometer inlet. During desorption, the XZ positioning stage was moved 

unidirectionally, across one row of the spacer at a time. SPMESH extraction and desorption 

conditions varied among experiments, as described below in “Optimization of Etched-SPMESH 

Extraction and Desorption Conditions”.  

The DART source was coupled to an Orbitrap Elite mass spectrometer (Thermo Fisher 

Scientific, Waltham, MA). The following quantifying ions were used, at 5 ppm mass tolerance: 

167.1180 for IBMP, 170.1368 for d3-IBMP, 137.1325 for linalool, 140.1513 for d3-linalool, 

152.0704 for MA, and 155.0892 for d3-MA. Both the DART source and MS were operated in 

positive ion mode with high purity He as the carrier gas, in full scan mode over the mass range 

m/z 50-200 at 120,000 scan resolution. 

Optimization of Bakeout Conditions. A standard solution (5 mL of 5 µg/L IBMP and 75 µg/L 

d3-IBMP) was loaded into every other well in the first row of a 24-well plate, leaving empty 

wells between each filled well for a total of three blank wells and three sample wells. Extractions 

were performed at 50 °C for 30 min using previously baked-out (i.e. cleaned by heating) 

SPMESH sheets (250 °C for 60 min). The DART source was operated at 300 °C at a scan speed 

of 1 mm/s. Run-to-run mesh carryover was evaluated for the following bakeout times: 0, 15, 30, 

60, and 120 min. For each bakeout time, three replicate runs of three samples were performed, 

for a total of nine analyses per bakeout time. 

Statistical Analysis. All statistical tests were performed using JMP, Version 13.0 (SAS Institute 

Inc., Cary, NC, 1989-2007). All tests were performed at a significance level of 0.05. 
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Comparisons between means for individual pairs of bakeout times were performed using 

Student’s t test.  

Headspace Cross-Contamination (HSCC) Among Wells during SPMESH Extraction. To 

decrease headspace cross-contamination (HSCC) between adjacent wells of the well plate, 

several spacer designs and geometries were tested. All spacers were machined by the Cornell 

University LASSP machine shop (Ithaca, NY) with the following specifications: 127 x 85 mm 

with 24 square holes cut out above the middle of each well of a 24-well plate. Stainless steel (1 

mm thickness) and Teflon spacers (1 mm) were machined with 10 x 10 mm square cutouts. 

Rubber gaskets (2.38 mm) were constructed in-house by cutting a vulcanized rubber sheet 

(Grainger, Lake Forest, IL) to match the dimensions of the stainless steel and Teflon 10 x 10 mm 

spacers. 

All HSCC experiments were performed under the following conditions; SPMESH sheets were 

baked-out for 15 min at 250 °C immediately prior to extraction. Blank runs were performed after 

bakeout prior to each extraction. A standard solution (5 mL of 5 µg/L IBMP and 75 µg/L d3-

IBMP) was loaded into every-other well in the first row of a 24-well plate, leaving empty wells 

between each filled well for a total of three blank wells and three sample wells. Extractions were 

performed at 50 °C for 30 minutes. The DART source was run with helium gas heated to 300 °C 

at a scanning speed of 1 mm/s. For each spacer, three replicate runs of three samples were 

performed, for a total of nine replicates per spacer. 

Headspace cross-contamination for each blank well was calculated as follows: 

!"#$ !"#! !" !"#$% !"##
!"#$ !"#! !" !"##$"%&'%( !"#$%& !"##$

 * 100% 
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The number of wells surrounding a blank well depended on its position within the row of the 

well plate. Blank corner wells only had one surrounding sample well, and blank interior wells 

had two surrounding sample wells.  

Optimization of Etched-SPMESH Extraction and Desorption Conditions. In all experiments, 

SPMESH sheets were baked out for 15 min at 250 °C immediately prior to extraction. Blank 

runs were performed after bakeout prior to each extraction. A standard solution (5 mL of 500 

ng/L IBMP and d3-IBMP, 100 µg/L linalool and d3-linalool, and 100 µg/L MA and d3-MA in 

deionized water) was loaded into every other well in the first row of a 24-well plate, leaving 

empty wells between each filled well for a total of three blank wells and three sample wells.  

To evaluate the effect of extraction temperature, extraction time, desorption temperature, and 

scanning speed on etched-SPMESH-DART-MS signal, an optimization experiment was 

conducted using a custom response surface methodology (RSM) experimental design. 

Appropriate ranges for the parameters under optimization were determined by preliminary 

univariate experiments (data not shown). A total of 23 experiments were performed; the design 

can be found in Table S-1. The design was run in blocks (7 experiments per day) and performed 

in triplicate, randomizing the design order for each replicate.  

Statistical Analysis. A custom RSM design of experiments was designed to optimize extraction 

and desorption parameters. An ANOVA was applied to evaluate the quality of the model 

generated by RSM.  

Figures of Merit for Sheet-based SPMESH-DART-MS. For all figure-of-merit experiments, 

extractions were performed as follows: SPMESH sheets were baked out for 15 min at 250 °C 

immediately prior to extraction. Blank runs were performed after bakeout prior to each 

extraction. Solutions were loaded into the 24-well plate. Each spike level was run in triplicate 
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along with six water blanks for a total of 24 samples. Sample placement was randomized across 

the well plate. Extractions were performed at 60 °C for 30 minutes. During, extraction, the 

SPMESH apparatus was agitated49 in a New Brunswick Innova 44 stackable incubator shaker 

(Eppendorf, Westbury, NY) operated at 60 °C and 150 rpm during extraction. The DART source 

was operated at 450 °C and a scanning speed of 0.5 mm/s.  

Calibration curves were generated in water. Stock solutions of unlabeled standard compound 

and the deuterated, matched internal standard were prepared in methanol such that spiking 100 

µL of stock solution into 5 mL resulted in the calibration concentrations: 40.5, 135, 450, 1500, 

and 5000 ng/L for IBMP; 405, 1350, 4500, 15000, and 50000 µg/L for linalool; 81, 270, 900, 

3000, and 10000 µg/L for methyl anthranilate. Calibration solutions were prepared in 20 mL 

amber SPME vials (Sigma-Aldrich, St. Louis, MO) in methanol, and stored at 4 °C until use. The 

deuterated analogues of the analytes were at the following concentrations: 450 ng/L IBMP, 4500 

µg/L linalool, and 900 µg/L MA. Four replicates were performed for each concentration level. 

To avoid any issues associated with headspace cross contamination due to the large range of 

concentrations, blank wells were left between every other sample. Limits of detection were 

calculated from calibration curves based on S:N = 3; limits of quantification were based on S:N 

= 10. 

For determining recovery in a real matrix, grape macerate was prepared as follows: after partial 

thawing, 100 g of de-stemmed V. vinifera cv. ‘Lemberger’ grape berries were placed in a chilled 

250 mL stainless steel Waring blender and blended on low for 30 s and on high for 30 s. 

Lemberger grapes were selected because they had no detectable IBMP, linalool, or MA by 

SPME-GC-MS.37 The berry slurry was stirred with a magnetic stir bar while being transferred to 

keep grape solids suspended in solution. In a 10 mL amber SPME vial (Sigma-Aldrich, St. 
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Louis, MO), 2.5 g of the berry slurry, 1.5 g of NaCl, 2.5 mL of a buffer solution consisting of 0.1 

M sodium phosphate dibasic/0.1 M sodium phosphate monobasic, and 100 µL of the standard 

solution were combined and vortexed for 30 s. The recovery spike concentrations were 200, 500, 

and 1000 ng/L IBMP with 500 ng/L d3-IBMP, 200, 500, and 1000 µg/L linalool and MA with 

500 µg/L d3-linalool and d3-MA. Solutions were left at 50 °C for 40 min to equilibrate, and then 

kept frozen prior to extraction.50 The unspiked grape matrix and water blanks were also 

analyzed. Four replicates were performed for each concentration/blank level. Samples were 

randomly distributed across the well plate (Table S-2). Recovery was calculated as follows, 

where spiked concentration refers to grape macerate spiked with standard and unspiked 

concentration refers to the calculated concentration based on the signal in a blank sample: 

!"#$%& !"#!$#%&'%("#!!"#$%&'( !"#!$#%&'%("#
!"#!$%!& !"#!$#%&'%("#

 * 100% 

Statistical Analysis. Comparisons between means for the new vs. used mesh were performed 

using Student’s t test. Three outliers were removed from linalool repeatability data at extraction 

#19 with both meshes, determined by quantile range outliers in JMP, with tail quantile of 0.1 and 

Q of 3. Significant differences of the repeatability slopes from zero were determined using 

Student’s t-test. 

Repeatability Testing. Day-to-day variation and mesh-to-mesh variation was evaluated using 

conditions closest to the center point of the RSM experimental design (50 °C extraction 

temperature, 30 min extraction time, 300 °C desorption temperature, and 1 mm/s scanning 

speed). The sample concentrations were 500 ng/L IBMP and d3-IBMP, 100 µg/L linalool and d3-

linalool, and 100 µg/L MA and d3-MA. The position of the sample within the multiwell plate 

was randomized for each analysis. For evaluating day-to-day variation, one extraction was 

performed each day for 12 days, and 7 extractions were performed all in one day for a total of 20 
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extractions. This evaluation was performed on both a new mesh, and an older mesh (previously 

used for ~75 extractions).  

Figure 2. Schematic of the etched-SPMESH-DART-MS workflow. (a) A SPMESH sheet with dimensions 

of standard multi-well plate is produced by laser etching a mesh (0.5 × 0.5 mm) into a PDMS sheet (b) 

the SPMESH sheet is positioned over a 24-well plate pre-loaded with samples. To prevent headspace 

cross-contamination (HSCC) between adjacent wells, a spacer and/or gasket are positioned between the 

plate and SPMESH sheet, and the SPMESH sheet is covered by a metal plate. (c) The assembly is 

incubated and volatiles are absorbed onto the area of SPMESH sheet directly above the well. (d) The 

SPMESH sheet and spacer are moved to an X-Z positioning stage for automated DART-MS evaluation.  

 

RESULTS AND DISCUSSION 

SPMESH Sheets for Parallel Volatile Extraction and Automated DART-MS: General 

Approach. Our approach to parallel volatile extraction from multiple samples and subsequent 

DART-MS analysis is depicted in Figure 2. In the approach, a sorbent mesh sheet (‘SPMESH 

sheet’) with similar dimensions to a standard multi-well plate (127 × 85 mm) was produced 

(Figure 2(a)). The SPMESH sheet was then positioned over a 24-well plate pre-loaded with 
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samples and covered, after which headspace extraction could proceed in parallel (Figure 2(b)). 

During incubation, the SPMESH sheet absorbed volatiles while maintaining the spatial 

distribution of the multiwell plate. A 24-well plate was used in place of the more common 96-

well plate to increase sample volume and improve sensitivity, but using other plate formats 

should be feasible in future studies. In contrast to previous studies that have used parallel SPME 

for analysis of non-volatiles in multi-well plates,42-48 it was necessary to design an appropriate 

gasket/space configuration to limit headspace migration of volatiles between adjacent wells. 

After incubation, the SPMESH sheet could be transferred to an X-Z positioning stage (Figure 

2(c)), and the volatile-containing spots analyzed sequentially by DART-MS (Figure 2(d)). 

  In our previous work, we produced smaller PDMS-based SPMESH devices by sol-gel coating 

stainless steel mesh. Though effective, this coating frequently resulted in blocked holes in the 

mesh that had to be punched out to allow air to flow through. While this was fairly simple for the 

small format, we wanted a more reproducible technique for a large format device. Therefore, a 

SPMESH sheet was constructed by laser-etching a commercially purchased PDMS sheet. PDMS 

was selected because it is widely used as a sorbent coating for SPME fibers, and thin PDMS 

sheets are commercially available. IBMP was selected as a representative odorant and d3-IBMP 

as an internal standard for initial experiments (Figure 1). IBMP has a “green bell pepper” aroma 

and was selected for its prevalence in foodstuffs (such as wine and grapes), its high ionization 

efficiency in DART-MS, and because it has been used in previous work on SPMESH-DART-

MS.36,37 

Optimization of SPMESH Mesh Size. Three different mesh dimensions (0.5 × 0.5 mm, 1.0 × 

1.0 mm, 1.5 × 1.5 mm) were initially evaluated using IBMP solutions (5 µg/L) to determine 

optimum lattice size. We observed the highest signal intensity with the 0.5 mm mesh, 
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approximately five-fold and three-fold greater than the intensities of the 1.5 mm and 1.0 mm 

squares respectively (data not shown). The improvement in sensitivity was likely due to the 

greater surface area observed for smaller lattice dimensions — the 0.5 mm lattice has 

approximately three-fold greater area than the 1.5 mm mesh on the faces parallel to the MS 

(calculations not shown). The smaller lattice meshes also had greater surface area on the faces 

perpendicular to the MS, although the difference in this parameter between 0.5 and 1.5 mm 

lattices was less than 50% (Figure S-1). Laser etching can generate even smaller feature sizes 

(35-120 µm per manufacturer’s specification) which could potentially further improve 

sensitivity. However, etching 0.5 × 0.5 mm squares in a 127 × 85 mm PDMS sheet took three 

hours, and producing smaller lattice sizes would have required excessive instrument time. 

Therefore, a 0.5 × 0.5 mm mesh size was used for all further experiments.  

 

Table 1. Effect of spacer and gasket materials on raw signal, precision, and headspace cross-
contamination (HSCC) for four difference spacer and gasket configurations. 

Spacer  
Materiala 

Gasket  
Materiala 

Average  
IBMPb 
Raw 
Signal 

IBMP  
Raw 
Signal 
 %RSD 

Average  
d3-IBMPb  
Raw Signal 

d3-IBMP 
Raw 
Signal 
% RSD 

Average  
IBMP 
% HSCCc 

Stainless 
Steel 

No 
Gasket 5.78 × 104 44 8.33 × 105 40 2.1 

Stainless 
Steel 

Rubber 
Gasket 3.77 × 103 33 5.16 × 103 37 9.1 

Stainless 
Steel 

Teflon 
Gasket 8.18 × 104 46 1.18 × 106 46 1.2 

Teflon No 
Gasket 6.16 × 104 48 8.89 × 105 48 2.5 

aAll spacers and gaskets were 10 x 10 mm;  n = 3 for each set of conditions.  
bIBMP and d3-IBMP concentrations were 5 and 75 µg/L respectively. 
cHSCC was calculated as follows: peak area of blank well / sum of the peak areas of the surrounding wells * 100%. 
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Figure 3. Representative SPMESH-DART-

MS extracted chronograms at 167.1180 m/z 

(IBMP quantifying ion) (a) following bake-

out at 250 °C for 1 hr, (b) using our initial 

extraction setup with the spacer placed on 

top of the well plate with 5 µg/L 

IBMP (wells 2, 4, and 6), and (c) using the 

same IBMP concentration but with a 

modified setup that included a Teflon gasket 

and clamp. The use of the Teflon gasket 

reduced the extent of head-space cross 

contamination (HSCC) into blank wells 

(indicated by white arrows) as compared to 

the original setup (black arrows). 

 

Optimization of Bakeout Conditions. To determine appropriate bakeout conditions required 

to avoid carryover, SPMESH sheets were repeatedly analyzed during typical bakeout 

conditions. The initial IBMP signal and the signal following 250 °C bakeouts at varying times 

(15, 30, 45, 60 min) were then determined by DART-MS. After a 15 min bakeout, the IBMP 

signal was decreased by 99% (p < 0.0001, Figure S-2). A representative background 

chronogram following bakeout is depicted in Figure 3 (a), and representative IBMP 

chronogram using identical conditions after extraction is shown in Figure 3 (b). No significant 
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decrease in signal was observed for bakeout times beyond 15 min (Figure S-2). Therefore, 15 

min bakeouts were used in the remainder of this work. 

Headspace Cross-Contamination (HSCC) Among Wells during SPMESH Extraction. In 

initial experiments, a stainless steel spacer with 10 x 10 mm lattice dimensions was positioned 

between the 24-well plate and the etched-SPMESH sheet to prevent migration of volatiles 

between adjacent wells during extraction (“headspace cross-contamination”, HSCC) and to 

support the sheet during DART-MS analysis. A representative SPMESH-DART-MS 

chronogram following a 30 min extraction is shown in Figure 3 (b). In this experiment, only 

the first row of a 24-well plate (six wells) were used, with three containing 5 µg/L IBMP and 

three left empty as blanks. However, IBMP and d3-IBMP signal was observed in the 

neighboring blank wells (Figure 3 (b), black arrows), with the problem more severe for blank 

wells that were adjacent to multiple sample wells (seen in Well #3 in Figure 3 (b)). In our 

initial setup, the degree of HSCC was calculated as 2.5% of the signal of each adjacent well 

(Table 1).  

We evaluated two different gasket materials (rubber and Teflon) for their ability to decrease 

HSCC (Table 1). The best results were achieved with a Teflon gasket in combination with the 

stainless-steel spacer, which decreased HSCC to 1.2% per adjacent well. The raw signal 

precision and average intensity were similar with and without the Teflon spacer. Interestingly, 

the use of a rubber gasket resulted in a >10-fold decrease in average IBMP signal as 

compared to the Teflon gasket, likely due to absorption of IBMP by the rubber gasket. The 

higher HSCC associated with the rubber gasket (9%) may have been due to isobaric 

interferences outgassing from the rubber, although this was not investigated. We also 

evaluated using a Teflon gasket with no stainless steel spacer, but this resulted in HSCC 
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comparable to use of no gasket (Table 1). Additionally, because the Teflon material is slightly 

pliable it was not a suitable holder for the etched-SPMESH sheet during the DART-MS 

analysis, as the mesh requires a supportive frame. As a result, in all future experiments a 

Teflon gasket was used during extractions in conjunction with the stainless steel spacers 

supporting the etched-SPMESH sheet. 

Figure 4. Response surface 

plot of (a) scan speed and 

desorption temperature 

for IBMP raw signal 

(167.1180 m/z) and (b) 

extraction temperature and 

extraction time for linalool 

raw signal (137.1325 m/z). 

 

Optimization of SPMESH Extraction and Desorption Conditions. SPMESH extraction and 

desorption parameters (extraction temperature, extraction time, desorption temperature, and 

scanning speed) were optimized using response surface methodology (RSM) to determine 

conditions that maximized SPMESH-DART-MS signal. Preliminary univariate experiments 

were performed with IBMP for each of these parameters, to determine the conditions that 

maximized etched-SPMESH signal response and improved detection limits (data not shown). 

From these results, a custom RSM experimental design was employed with three 

representative odorants: IBMP, linalool, and MA. A summary of the design can be found in 

Table S-1 and ANOVA tables for each of the odorant models can be found in Table S-3. The 
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RSM models yielded good fits for each odorant (ANOVA; p < 0.05). Representative response 

surface plots for IBMP and linalool are visualized in Figure 4 (additional response surface 

plots can be found in Figure S-3). Of all parameters, we observed that response was most 

sensitive to extraction time across models; for example, increasing from 15 to 30 min, or 30 to 

60 min, resulted in a 2-fold increase in predicted raw signal for all three compounds. These 

results were in contrast to previous work on fiber-based SPME, which has shown that 

extraction temperature increases signal more than extraction time51, although this previous 

work included lower ambient temperature as part of their study. Desorption temperature and 

scan speed had relatively little effect on predicted signal. No interactions were found between 

variables.  

Optimal conditions were determined to be a 60 min extraction time, 60 °C extraction 

temperature, 0.5 mm/s desorption speed, and 450 °C desorption temperature. Ultimately, 30 

min extraction times were used to maintain throughput, though if increased sensitivity is 

required, longer extraction times could be used. These conditions were used in subsequent 

experiments unless otherwise noted.  

Demonstration of Rapid, Automated, Trace-level Volatile Analysis by SPMESH-DART-MS. 

Using our optimized approach, we can use SPMESH sheets to perform parallel extraction of 

24 spiked samples (0, 200, 500, or 1000 ng/L IBMP in grape macerate) from multi-well 

plates, and subsequently analyze the sheets on a positioning stage by DART-MS. 

Representative results are shown in Figure 5. The DART-MS analysis required 17 min for 24 

samples; allowing for a 15 min bakeout and 30 min extraction time, the total analysis time for 

24 samples should be ~1 hr, or the length of one or two typical SPME-GC-MS runs. Analysis 

time of a single sample with SPMESH sheets is comparable to our previous SPMESH work 
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using individually coated OpenSpotTM cards;36,37 however, this approach could not be easily 

automated, which limited convenience and throughput. Our current SPMESH-DART-MS 

approach could be sped up further by modifying the manufacturer’s X-Z positioning stage 

software such that it travels directly to each volatile spot as opposed to scanning the SPMESH 

sheet at a constant speed.  

Figure 5. Representative 

chronograms for parallel 

extraction of four spike 

levels (n = 4 for each level) 

of IBMP in grape macerate. 

Analysis of each row takes 

~4 min; full 24-well plate 

takes 17 min by sheet-based 

SPMESH-DART-MS. 

	
Figures of Merit for Sheet-based SPMESH-DART-MS. Calibration curves in water were run 

for three odorants: IBMP, linalool, and MA. The curves are plotted in Figure S-2, and figures 

of merit are presented in Table 2. We achieved excellent linearity and acceptable limits of 

detection were achieved for all test odorants: 39 ng/L for IBMP, 48 µg/L for linalool, and 15 

µg/L for MA. The LODs for IBMP and linalool are comparable to those previously achieved 

with single use PDMS coated SPMESHs — MA was not evaluated in the earlier work37. 

However, these LODs are still above the sensory thresholds of these odorants (2 ng/L IBMP, 

20 µg/L linalool, and 10 µg/L MA). We anticipate further improvements in LODs by 
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integrating other polymers such as divinylbenzene (DVB) into the sorbent phase, as 

previously demonstrated for single use devices.36 

Accuracy was assessed by the standard addition method in Lemberger grape macerate for 

the same odorants. Spike levels and percent accuracy for these compounds are also presented 

in Table 2. Excellent recoveries (99-106% of expected) were observed for all three 

compounds at each spike level.  

 

Table 2. Figures of merit and accuracy results for IBMP, linalool, and MA. 

 Figures of Merit 

 
IBMP Linalool MA 

Calibration range   40.5-5000 ng/L  405-50000 ug/L  81-10000 ug/L 

R2 0.96  0.99  0.99  

LOD 39 ng/L  48 µg/L  15 µg/L  

LOQ 130 ng/L 160 µg/L  50 µg/L  

 Recovery  

 
% 
Accuracy  %RSD  % 

Accuracy  %RSD  % 
Accuracy  %RSD  

200a  106  6  102  3  105  4  

500a   99  6  99  6  99  4  

1000a  99  4  97  3  100  2  
aIBMP in ng/L, linalool and MA in µg/L 

 

To determine the repeatability (day-to-day variation and mesh-to-mesh variation) of 

SPMESH-DART-MS, parameters close to the centerpoint of our RSM optimization 
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experiment were used (50 °C extraction temperature, 30 min extraction time, 300 °C 

desorption temperature, and 1 mm/s scanning speed). These conditions were selected for 

repeatability testing out of convenience, since the same conditions were performed in 

replicate during the RSM (“Optimization of SPMESH Extraction and Desorption 

Conditions”).  

Extractions were performed over multiple days using a new mesh and a previously used 

mesh that had gone through ~75 extractions and bakeouts. We observed no significant 

difference between the new and used meshes (p > 0.05) for any compound. Additionally, 

average values for each compound were not found to be significantly different over 

extractions (p > 0.05) (i.e. slope was not significantly different than zero). The first two runs 

for IBMP on both meshes appear lower, although the difference is not significant (Figure 6). 

Speculatively, this may have been due to interferences on the d3-IBMP signal following 

reinstalling the DART-MS source. 

 

Figure 6. SPMESH-DART-MS robustness 

over 20 extractions for (a) previously used 

sheet (~75 previous extractions) and (b) a new 

sheet. Wells were loaded with 500 ng/L IBMP, 

100 µg/L linalool, 100 µg/L MA, and their 

deuterated analogs, and samples were run once 

per day for the first 12 extractions (n = 3 each 

day); the remaining analyses were run on the 

final day. 
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Limitations and Future Opportunities for Sheet Based SPMESH-DART-MS: A clear 

drawback of etched-SPMESH-DART-MS, and more generally of all ambient ionization-based 

approaches, is that selectivity is sacrificed for speed due to the absence of a chromatography 

step, and is thus particularly ill suited for discovery applications. However, in cases where 

target volatiles are known, e.g. IBMP in grapes, the correlation of SPMESH-DART-MS and 

GC-MS can be excellent.36 To increase the range of detectable volatiles, previous work with 

the original SPMESH format found that the addition of other sorbent polymers could increase 

both the range and limits of detectable compounds,36 which will likely apply to the laser-

etched format as well. Additionally, smaller mesh sizes may be investigated in the future, cost 

permitting, as it may improve the performance of SPMESH sheets based on the correlation we 

observed between SPMESH sheet surface area and signal intensity. Reyes-Garcés et al. 

reported that thinner coatings facilitate faster extractions and more rapid desorption, so 

decreasing lattice size and mesh thickness may further increase throughput.9  

Another limitation of this approach moving forward is the production of ions from heating 

PDMS above 300 °C by DART.52 By scanning a low mass range (50-200 m/z) exclusively, 

PDMS interferences likely did not affect our work. However, for other applications of this 

technique, these interferences or ion suppression could affect higher mass ranges. 

Finally, the SPMESH sheet approach described in this report creates a volatile image of the 

well plate, and the resulting SPMESH-DART-MS analysis yields a volatile mass spectral 

image. Mass spectrometry imaging (MSi) of non-volatiles using desorption electrospray 

ionization (DESI) and related ambient ionization-mass spectrometry techniques has been well 

described in the recent literature,21,23,53 but, to the best of our knowledge, our work represents 

the first example of volatile MSi using DART-MS. Future work could potentially use 
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SPMESH sheets with appropriate software to generate volatile mass spectrometric images 

from two-dimensional samples.  

 

CONCLUSIONS 

Using a laser-etched PDMS sheet, we developed a reusable and inexpensive SPMESH 

device for parallel extraction of volatiles from multiwell plates. After extraction, volatiles can 

be rapidly analyzed by DART-MS using an automated positioning stage. Following 

optimization, the SPMESH-DART-MS approach was able to analyze odorants in 24 samples 

in 17 min with µg/L–ng/L detection limits, excellent accuracy, and good repeatability over a 

two-week period. Sheet-based SPMESH-DART-MS is readily automated and can achieve 

similar detection limits to conventional GC-MS in a fraction of the analysis time.  
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CHAPTER 3: POLYMERIC SORBENT SHEETS COUPLED TO DIRECT ANALYSIS IN 

REAL TIME MASS SPECTROMETRY FOR TRACE-LEVEL VOLATILE ANALYSIS – A 

MULTI-VINEYARD VALIDATION STUDY 
	
	
ABSTRACT 

Etched polymeric sorbent sheets (“SPMESH Sheets”) were recently described as an 

alternative to solid-phase microextraction (SPME) for rapid, parallel, multi-sample extraction 

and pre-concentration of headspace volatiles. In this report, a workflow was validated based 

on SPMESH Sheet extraction followed by Direct Analysis in Real Time – mass spectrometry 

(DART-MS) using grape samples harvested from multiple commercial vineyards at different 

maturities. SPMESH Sheet-DART-MS(-MS) was performed on two grape-derived odorants 

related to wine quality: 3-isobutyl-2-methoxy pyrazine (IBMP) in Cabernet Sauvignon and 

Merlot grape homogenate (n = 86 samples) and linalool in Muscat-type grape juice samples (n 

= 18 samples). As part of the optimization process, a MS-MS method was developed for 

IBMP and equilibration procedure prior to extraction was established for homogenate 

samples. Following optimization, we achieved good correlation between SPMESH Sheet-

DART-MS and SPME-GC-MS for both IBMP (range by GC-MS = < 2 ng/L to 28 ng/L, R2 = 

0.70) and linalool (range by GC-MS = 135 to 415 µg/L, R2 = 0.66). The results indicate 

SPMESH Sheet-DART-MS is suitable for rapid measurements of trace level volatiles in 

grapes. 
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INTRODUCTION 

Considerable variation can be found in the aroma of commercial wines, even when 

produced from the same grape variety54-56. This variation in wine aroma (and thus wine 

chemistry) can arise from differences in winemaking practices57 but can also reflect 

differences in concentration of odorants or their precursors in the original grape material58-60. 

Several grape volatiles are reported to be useful markers for eventual wine sensory qualities. 

For example 3-isobutyl-2-methoxypyrazine (IBMP, “green pepper aroma”) is a potent odorant 

found above its sensory threshold in Bordeaux-type grapes such as Merlot and Cabernet 

Sauvignon. IBMP concentration in grapes is reported to be predictive of resulting red wine 

quality61. Monoterpenes such as linalool (“honeysuckle, floral”) are the key odorants 

primarily responsible for the aroma of Muscat-type grapes such as Muscat Blanc and Muscat 

of Alexandria,62 and is therefore a marker for the intensity of Muscat wine aroma63.  

However, one challenge with using odorants as part of routine quality assessments of grapes 

is that these compounds have low sensory thresholds and are present at trace concentrations, 

e.g. the odor threshold for IBMP in red wine is ~10 ng/L64 and, for linalool in white wine is 

25 µg/L65. Trace odorants in grapes and other foodstuffs are typically measured by gas 

chromatography – mass spectrometry (GC-MS), generally after a preconcentration and 

extraction step such as headspace solid-phase microextraction (SPME). In a typical SPME 

analysis, volatiles are isolated onto a fiber coated with an ab/adsorbent material, and the fiber 

subsequently desorbed into the GC injector port66. SPME-GC-MS is sensitive, robust, and 

easily automated, but is also throughput-limited (30-60 min / sample) due to the time 

necessary for GC separation and/or SPME extraction 67. By comparison, other grape 
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components related to final wine quality (e.g. anthocyanins, sugars, acids) can be quickly 

assessed (<1 min/sample) by automated spectroscopic and colorimetric methods 68. 

Several recent reviews have highlighted the advantages of using thin-film (TF)-SPME 

devices in place of classic fiber-based SPME geometries9,27,31. TF-SPME is readily coupled 

with ambient-ionization mass spectrometry approaches that allow for direct sample 

introduction into an MS without a chromatographic step, like Direct Analysis in Real Time 

(DART-MS). For example, TF-SPME devices consisting of a biocompatible polymer coated 

onto stainless steel meshes were successfully interfaced with DART-MS for analysis of 

pesticides, with low µg/L detection limits and analysis times < 1 min/sample27. These reports 

of TF-SPME-DART-MS focused on applications for non-volatiles, likely because the 

adsorbent particles employed are less appropriate for volatile extraction.   

We have recently reported on an alternative TF-SPME approach, solid-phase mesh-

enhanced sorption from headspace (“SPMESH”), which can be combined with DART-MS for 

rapid analysis of trace volatiles 36,37,69. In its original form, SPMESH devices consisted of 

commercial OpenSpot™ cards, in which the stainless steel mesh of the cards was coated with 

an absorbent layer (polydimethylsiloxane (PDMS), PDMS-divinylbenzene (DVB)36,37). 

Extractions were performed by positioning the coated mesh in the headspace of a sample vial. 

Using these “one-shot” SPMESH devices, we validated the use of SPMESH-DART-MS 

against SPME-GC-MS for measurement of IBMP and linalool in real grape samples 36. 

However, this work had several shortcomings, primarily that it could not be readily automated 

in the one-shot format and therefore method throughput was limited. Additionally, in our 

validation of the one-shot approach, a poor correlation was observed at native, low ng/L-level 

concentrations of IBMP 36.  
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In subsequent work, we produced SPMESH devices by laser-etching a fine mesh pattern 

(0.5  × 0.5 mm) into thin PDMS sheets (“SPMESH Sheets”). These sheets were of similar 

dimensions to standard multi-well plates, which allowed for parallel headspace extraction and 

preconcentration of volatiles from multiple samples 69. After SPMESH Sheet extraction, 

volatiles were desorbed and analyzed by DART-MS. By using an automated X-Z positioning 

stage, we were able to quantify IBMP (200-1000 ng/L) in 24 samples in 17 min. Good 

accuracy was also observed for recovery spikes of IBMP and linalool into grape macerate, 

and the sheets could be baked-out for reuse. However, the detection limits (39 ng/L for IBMP 

and 48 µg/L for linalool) were relatively high as compared to the published sensory thresholds 

for these compounds in wine (10 ng/L and 25 µg/L, respectively). Additionally, we did not 

validate the SPMESH Sheet-DART-MS approach using samples containing only native 

concentrations of target analytes, as opposed to spiked analytes. 

In this work, we report on an optimization of a SPMESH Sheet-DART-MS method for 

analysis of two volatiles in grapes (IBMP and linalool; Figure 1). Specifically, we show that 

off-line sample prep and MS-MS improves the reproducibility of our SPMESH Sheet 

approach and lowers the methodological detection limits below the odorants’ sensory 

thresholds. We then validated the SPMESH Sheet-DART-MS method by comparing results 

against SPME-GC-MS using multiple grape samples from commercial vineyards. 
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Figure 1. Schematic overview of sample preparation, SPMESH extraction and DART-

Orbitrap-MS analysis. 

MATERIALS AND METHODS  

Materials. Deep well, 10 mL, 24-well plates were purchased from VWR (Randor, PA). 

PDMS sheets (CultureWell Silicone Sheet, 0.25 mm thick, 13 cm x 18 cm) were purchased 

from Grace Bio-Labs (Bend, OR). Laser-etching of PDMS sheets was performed at the 

Cornell Nanoscale Facility (Ithaca, NY). Spacers and clamps for the SPMESH Sheet 

extraction devices were machined at the Cornell University LASSP machine shop (Ithaca, 

NY). Twenty mL amber SPME vials and caps were purchased from MilliporeSigma 

(Burlington, MA). Sodium chloride (NaCl), methanol, and ethanol were purchased from 

VWR (Radnor, PA). IBMP and linalool were purchased from MilliporeSigma (Burlington, 

MA), and their internal standards d3-isobutyl-2-methoxypyrazine (d3-IBMP) and d3-linalool 

were purchased from C/D/N Isotopes (Point-Claire, Quebec). Vitis vinifera grapes (Pinot noir 

n=1 (for calibration), Cabernet Sauvignon n=69, Merlot n=43, Chardonnay n=1 (for 
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calibration), Muscat Blanc n=5, Muscat of Alexandria n=12, Malvasia Bianca n=1, and 

Symphony n=1) were collected by E&J Gallo Winery (Modesto, CA) from vineyards in 

Modesto, Lodi, Lake County, Fresno, Madera, Alexander Valley, Paso Robles, Napa Valley, 

Dry Creek Valley, and Central Coast AVAs throughout July to September of the 2019 

harvest, at commercial maturity (18 to 25 °Brix).  

SPMESH Sheet-DART-MS. The general approach for SPMESH Sheet extraction from a 

multi-well plate followed by DART-MS analyses was adapted from a previous report (Figure 

1)69. Briefly, the SPMESH Sheet was baked-out at 250 ºC for 15 min in a GC oven 

immediately prior to extraction. Samples and/or calibration standards were loaded into a 24-

well plate. A Teflon gasket was laid over the plate, followed by a stainless-steel spacer, the 

SPMESH Sheet, a second stainless steel spacer, and finally a cover. The assembly was then 

clamped tightly and incubated at 50 ºC for 30 min, with agitation (230 RPM). After 

extraction, spacers, gaskets, well plates and clamps were rinsed with ethanol and allowed to 

dry prior to the next use. 

The SPMESH Sheet was then removed from the assembly and transferred to a 3DS-XZ 

automated positioning stage in front of a DART standardized voltage and pressure (SVP) ion 

source (Ionsense Inc. – Saugus, MA). The DART source was coupled to a Q Exactive mass 

spectrometer (Thermo Fisher Scientific – Waltham, MA) via a VapurTM interface (Ionsense, 

Inc.). The DART source was operated in transmission mode and movement of the positioning 

stage in front of the MS inlet was controlled by the DART web-based software. The DART 

desorption temperature was set to 450 ºC, with a scan speed of 0.5 mm/s, based on previous 

work 69. 
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Both the DART and MS were operated in positive ion mode with high purity He as the 

carrier gas. The Orbitrap was operated with 140,000 scan resolution, 1 microscan, 250 ms 

maximum injection time, and automatic gain control (AGC) of 1×106 IBMP and d3-IBMP 

were measured by MS-MS using the parallel reaction monitoring (PRM) mode at 5 ppm mass 

tolerance: 167 > 124.0632 m/z for IBMP, 170 > 127.0818 m/z for d3-IBMP, over a mass range 

124-128 m/z. Transitions were identified previously 37, but exact mass was confirmed on the 

Orbitrap. Collision energy (CE) was set at 25 eV. Linalool and d3-linalool were measured 

using extracted ions from full scans over a mass range of 137-141 m/z at 5 ppm mass 

tolerance: 137.1326 m/z for linalool, 140.1512 m/z for d3-linalool. For MS/MS the following 

transitions were measured: 137 > 67.0549 m/z for linalool and 140 > 70.0736 m/z for d3-

linalool over a mass range 67-71 m/z; transitions were identified by dropping standard 

solutions with a Pasteur pipette in front of the DART source while running a product ion scan 

on the Orbitrap. 

SPME-GC-MS conditions. An Agilent 7890B GC system coupled to a HP 5973 MSD 

(Agilent – Santa Clara, CA) equipped with Gerstel Multipurpose Sampler (Gerstel Inc – 

Linthicum, MD) autosampler was used for validation experiments. Grape samples were 

prepared as juice (for linalool analysis) or homogenate (for IBMP analysis) as described in 

“Optimization of sample preparation” below, except that 7 mL sample were combined with 

10 µL internal standard solution, 20 µL SDS, and 3 mL saturated NaCl solution before 

loading into 20 mL amber autosampler vials. A 1 cm, 50/30 µm PDMS/DVB/CAR SPME 

fiber (Supelco – Bellefonte, PA) was pre-incubated at 70 ºC for 60 s, incubated in the sample 

headspace at 70 ºC for 1080 s, and desorbed for 500 s starting at 62 ºC, increasing to 225 ºC at 

900 ºC/min in splitless mode for 2 min. A 30 m × 0.25 mm × 0.50 µm DB-WAX column 
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(Agilent – Santa Clara, CA) with ultra-high purity helium carrier gas at a constant flow rate of 

1.0 mL/min, initial pressure of 6.86 psi, purge flow of 50 mL/min (after 2 min of splitless), 

and total flow of 54 mL/min. The MS ion source temperature was 230 ºC and interface 

temperature was 180 ºC. The GC oven temperature ramp was as follows: start at 35 ºC, 

increase to 42 ºC at 6 ºC/min, increase to 75 ºC at 11 ºC/min, increase to 135 ºC at 6 ºC/min, 

increase to 195 ºC at 11 ºC/min, and increase to 240 ºC at 120 ºC/min for a final runtime of 

24.4 min. The MS was operated in SIM mode, and the following ions were monitored: 121, 

93, and 136 m/z for linalool, 124 and 151 m/z for IBMP, 124 and 74 m/z for d3-linalool, and 

154 and 127 m/z for d3-IBMP.  

Figures of merit. Stock solutions of unlabeled standards and deuterated internal standards 

were prepared in methanol such that spiking 150 µL of stock solution into 15 mL of solution 

or grape macerate resulted in the following calibration concentrations: 400, 200, 100, 50, 25. 

12.5, 6.25 ng/L IBMP with 100 ng/L d3-IBMP; 400, 200, 100, 50, 25 µg/L linalool with 100 

µg/L d3-linalool. Calibration standards were prepared by spiking into Chardonnay juice (for 

linalool) or Pinot noir homogenate (for IBMP) that contained no detectable IBMP or linalool 

by SPME-GC-MS. The juice and homogenate used for calibration standards was prepared as 

described in “Optimization of sample preparation”. Each calibration level was analyzed in 

triplicate. Quantification was performed by matrix-matched calibration curves, in which the 

standards were spiked into grape juice or homogenate with undetectable concentrations of the 

target analyte (Chardonnay or Pinot noir, Figure S1). Limits of detection were calculated from 

calibration curves based on S:N = 3; limits of quantification were based on S:N = 10.  

Optimization of sample preparation for homogenate and juice samples. In initial 

optimization experiments, IBMP was quantified by both SPMESH Sheet-DART-MS and 
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SPME-GC-MS in homogenate prepared from Cabernet Sauvignon and Merlot samples (n=26, 

Figure 3). Four samples containing native IBMP (detected by SPME-GC-MS, a subset of the 

validation samples) were used to evaluate several different sample preparation techniques: 

homogenate, homogenate with added NaCl, and supernatant; all of which were compared to 

SPME-GC-MS results for real samples. Elevated equilibration temperatures were also tested. 

Grape macerate was prepared as follows: de-stemmed grapes were homogenized in a 

blender and stored at -20 ºC until use. Fifteen grams homogenate and 150 µL internal 

standard solution were vortexed in a 20 mL amber SPME vial. Vials were equilibrated in an 

Innova 4080 Incubator Shaker (New Brunswick Scientific – Edison, NJ) initially at 50 ºC (n = 

24, Figure 3), after optimization (n = 86, described in “Validation of SPMESH Sheet-DART-

MS”, Figure 3) at 70 ºC for 1 hr while agitating at 230 RPM.50 The contents of each vial were 

transferred into individual wells (approximately 5 g per well, in triplicate) in the 24-well plate 

prior to headspace extraction.    

To test NaCl addition, 4.5 mL of saturated NaCl solution was combined with 10.5 mL 

homogenate and 150 µL internal standard solution to generate 15 mL total sample in a 20 mL 

amber SPME vial. Vials were equilibrated in an Innova 4080 Incubator Shaker (New 

Brunswick Scientific – Edison, NJ) at 70 ºC for 1 hr while agitating at 230 RPM.50 The 

contents of each vial were transferred into individual wells (approximately 5 mL per well, in 

triplicate) in the 24-well plate prior to headspace extraction.    

Supernatant was generated from red grape homogenate by centrifuging at 4000 RPM for 15 

min and poured off the solids. Fifteen mL supernatant and 150 µL internal standard solution 

were vortexed in a 20 mL amber SPME vial. Vials were equilibrated in an Innova 4080 

Incubator Shaker (New Brunswick Scientific – Edison, NJ) at 50 ºC for 30 min while 
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agitating at 230 RPM50. The contents of each vial were transferred into individual wells 

(approximately 5 mL per well, in triplicate) in the 24-well plate prior to headspace extraction.  

To test higher temperature equilibration conditions, Pinot noir grapes (containing no 

detectable IBMP by SPME-GC-MS, also used in calibration curves, Figure S1) were 

homogenized and spiked with internal standard solution as described above. Equilibration was 

performed at 70 ºC for 1 hour, prior to analysis by DART. 

All extractions and analyses were conducted as described in “SPMESH Sheet-DART-MS”.  

Validation of SPMESH Sheet-DART-MS against SPME-GC-MS comparison. Linalool was 

quantified by both SPMESH Sheet-DART-MS and SPME-GC-MS in juice prepared from 

Muscat-type grapes (n=18). IBMP was quantified by both SPMESH Sheet-DART-MS and 

SPME-GC-MS in homogenate prepared from Cabernet Sauvignon and Merlot samples (total 

n=110: n=24 under initial conditions, n=86 by the optimized conditions). SPME-GC-MS 

samples were prepared as described in “SPME-GC-MS Conditions”. All samples were 

analyzed in triplicate. The two methods were compared by linear regression.  

For preparation of juice samples from white grapes, no optimization was needed, and grapes 

were initially crushed in a stand mixer, with any remaining intact berries ruptured by light 

pressing.  The juice was strained through cheesecloth to remove grape skins. Juice was 

analyzed the day it was received or stored at -20 ºC until use. In a 20 mL amber SPME vial, 

15 mL juice and 150 µL internal standard solution are combined and vortexed thoroughly. 

After spiking standards, vials were equilibrated in an Innova 4080 Incubator Shaker (New 

Brunswick Scientific – Edison, NJ) at 50 ºC for 30 min while agitating at 230 RPM. The 

contents of each vial were transferred into individual wells (approximately 5 mL per well, in 

triplicate) in the multi-well plate prior to headspace extraction. 
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For statistical analyses, undetectable values were set to the square root of the LOD70 (2 ng/L 

for IBMP by DART, 1.4 ng/L for IBMP by SPME, 4.89 µg/L for linalool by DART, 1 µg/L 

for linalool by SPME). Two outliers were removed from IBMP initial validation data, 

determined by quantile range outliers in JMP, with tail quantile of 0.1 and Q of 3; leaving 24 

of 26 in the initial validation data and 86 samples included in the final validation analysis. All 

statistical tests were performed using JMP Pro, Version 14.0 (SAS Institute Inc., Cary, NC, 

1989− 2007). 

RESULTS AND DISCUSSION 

Calibration curves and figures of merit. Matrix-matched calibration standards were 

generated for both linalool (in Chardonnay juice) and IBMP (in Pinot noir homogenate) 

(Figure S1). These cultivars were selected because they did not have detectable concentrations 

of linalool or IBMP, respectively, by SPME-GC-MS. Figure 2 shows a representative DART-

MS chronogram for IBMP and its internal standard spiked into Pinot noir homogenate, as 

well as a blank well. A minor interference at the quantifying transition for IBMP can be seen 

both the well containing only IBMP (Figure 2, left) and the blank well (Figure 2, middle). As 

with other SPME methods, the use of isotopically labeled standards during SPMESH Sheet 

analyses is important for achieving good precision and accuracy during quantitative analyses 

to correct for discrimination during the extraction step 36,71.  

Previous work by our group on SPMESH Sheet-DART-MS used only single stage Orbitrap-

MS 69. Linearity and limits of detection for the IBMP and linalool using MS-MS in 

comparison to our previous report is shown in Table 1. The limit of detection for IBMP was 

10-fold lower in our current work (4 ng/L) as compared to previous work (39 ng/L) 69, an 

improvement that can credited to the use of MS-MS. Linalool detection limits (24 µg/L) were 
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comparable to previous work (48 µg/L) 69, and were not improved with MS-MS methods (60 

µg/L, data not shown). Speculatively, this lack of improvement in MS-MS may be due to 

isobaric interferences from structural isomers of linalool (e.g. other grape monoterpenes such 

as geraniol, nerol or degradation products of larger isoprenoids), which would be expected to 

generate similar MS-MS fragments.  

 
Figure 2. DART-Orbitrap-MS chronograms of extracted ions for IBMP 167 > 124.0632 m/z 

and d3-IBMP 170 > 127.0818 m/z in Pinot noir homogenate (contains no native IBMP); (left) 

spiked with only internal standard, (middle) blank well, and (right) spiked with both standard 

and internal standard. 

 
Table 1. Figures of merit for IBMP and linalool in grape homogenate and juice, respectively. 

 IBMP (MS)a IBMP (MS-MS)b Linalool (MS)a Linalool (MS)b 
Calibration range 40.5 – 5000 ng/L 6.25 - 400 ng/L 405 – 50000 µg/L 25 - 400 µg/L 

R2 0.96 0.99 0.99 0.99 
LOD 39 ng/L 4 ng/L 48 µg/L 24 µg/L 
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LOQ 130 ng/L 12 ng/L 160 µg/L 72 µg/L 
Average %CV - 32 - 17 

a from Ref [19]  
b using optimized conditions from the current paper 

 
Optimization of grape homogenate preparation for IBMP analysis. The new SPMESH 

Sheet-DART-MS-MS method was used to quantify IBMP in grape homogenates produced 

from Bordeaux cultivars (Merlot, Cabernet Sauvignon) sourced from different vineyards in 

California. These grape cultivars were selected because they often have IBMP at 

concentrations at or above sensory threshold (2 ng/L in water57, 10-16 ng/L in wine72,73), and 

because IBMP is a useful quality marker for red wines produced from these grapes 68.  

In our previous SPMESH Sheet work on IBMP, grape macerate samples were equilibrated 

with the internal standard for 30 min at 50 °C with agitation prior to extraction 69. In our 

previous work, we observed good recovery of IBMP in spiked Pinot noir samples which 

lacked native IBMP 36,69. However, when we initially investigated Bordeaux cultivars with 

native detectable IBMP in our current work, we observed no correlation between SPMESH 

Sheet-DART-MS-MS and the ‘gold standard’ SPME-GC-MS method (R2 = 0, Figure 3). We 

also observed high run-to-run variability for the SPMESH Sheet method (CV = 63%). Using 

SPMESH, we also observed undetectable concentrations of IBMP in the supernatant (< 4 

ng/L) as compared to the homogenate (up to 24.9 ng/L, data not shown), suggesting that 

IBMP was not being sufficiently extracted from the skins into the liquid phase using our 

original conditions.   

 



 

 55 

 
Figure 3. Initial (130 rpm, 50 C, 30 min equilibration – gray open circles) and optimized (230 

rpm, 70 C, 1 hr equilibration – green filled circles) correlation data for IBMP in Cabernet 

Sauvignon and Merlot grapes measured by SPMESH Sheet-DART-MS, compared to SPME-

GC-MS. Shaded areas represent 95% confidence intervals of the linear regression. 

 
Previous work using SPME-GC-MS for quantitation of native IBMP (as opposed to spiked 

IBMP) in grape samples demonstrated that the IBMP/d3-IBMP ratio increases with longer 

SPME incubation times and/or higher incubation temperatures, eventually reaching an 

equilibrium 50. These observations were reported to be due to the localization of IBMP in 

grape skins74, such that native IBMP must first diffuse from the skins into the liquid phase 

before equilibrating with the deuterated standard and reaching the headspace SPME fiber.  
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To evaluate this possibility, we used a higher temperature equilibration step (230 RPM at 70 

ºC for 1 hour) prior to SPMESH Sheet extraction. These conditions were previously reported 

by Ryona, et al, as sufficient to reach IBMP/d3-IBMP equilibrium during SPME-GC-MS 50. 

The improvement in SPMESH-DART-MS-MS vs. SPME-GC-MS correlation following 

introduction of this equilibration step is discussed in the next section.  

One concern associated with using a high temperature incubation of grape samples is that 

thermal artifacts (isobaric interferences) could be generated. To evaluate this possibility, Pinot 

noir homogenate was incubated at 70 ºC for 1 hour while agitating at 230 RPM. We observed 

no detectable IBMP signal in both the control and incubated samples, indicating that thermal 

artifacts were unlikely (Figure 2, Figure S2). We also evaluated if IBMP signal measured by 

SPMESH-DART-MS-MS could be increased by addition of saturated NaCl solution, as is 

reported for SPME-GC-MS 75. In our current work, we did not observe any increase in IBMP 

signal (data not shown; p>0.05). The reason for the non-effect of NaCl addition on method 

sensitivity is unclear.  

 
Validation of SPMESH Sheet-DART-MS vs. SPME-GC-MS  

IBMP. Representative chronograms for IBMP and its deuterated standard in homogenate 

under optimized conditions are shown in Figure 4a. For validation of IBMP measurements, 86 

samples of Cabernet Sauvignon and Merlot grapes were used. IBMP concentrations ranged 

from undetectable (< 2 ng/L) to 28 ng/L by SPME-GC-MS and <4 ng/L to 38 ng/L by 

SPMESH Sheet -DART-MS-MS. These values fall within the typical range of IBMP found in 

grapes during ripening: 100 ng/L to less than 10 ng/L.73,74 Variation among detectable 

samples was 28% CV. There 
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Figure 4. DART-Orbitrap-MS(-MS) chronograms of extracted ions for (left) IBMP 167 -> 

124.0632 m/z and d3-IBMP 170 -> 127.0818 m/z of a Cabernet Sauvignon homogenate 

(average concentration = 20 ng/L by SPMESH Sheet-DART-MS-MS; 24 ng/L by SPME-GC-

MS) and (right) linalool 137.1326 m/z and d3-linalool 140.1512 m/z in Muscat of Alexandria 

juice (386 µg/L by SPMESH Sheet-DART-MS; 353 µg/L by SPME-GC-MS). Samples were 

run in triplicate wells, with blank wells in between.  

 
A good correlation (R2 = 0.71) was found between IBMP measured by SPMESH Sheet-

DART-MS and SPME-GC-MS (Figure 3). The correlation between SPMESH Sheet and 

SPME methods was weaker than our previous validation work (R2 = 0.97) comparing “one-

shot” SPMESH cards with SPME-GC-MS 36. However, the current work measured IBMP at 

native concentrations (< 40 ng/L), as opposed to earlier work, which used IBMP spikes in the 

range of 200-1000 ng/L. Based on the regression equation, SPMESH Sheet-DART-MS 

measured higher concentrations than SPME-GC-MS for high IBMP samples (slope = 0.76), 

but lower concentrations for low IBMP samples (Y-intercept = 4.1). The observation that 

SPME vs. SPMESH data has a slope < 1 could arise from isobaric interferences on the 

SPMESH data set, but the reason for the non-zero intercept was unclear. 
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Figure 5. Correlation between linalool equivalents measured by SPMESH Sheet-DART-MS, 

compared to SPME-GC-MS. Shaded area represents the 95% confidence interval of the linear 

regression. 

 
Linalool. Juice samples (n=18) were prepared from Muscat-type grapes collected over 

several weeks of harvest. Linalool concentrations ranged from 135 to 415 µg/L by SPME-

GC-MS and 120 to 497 µg/L by SPMESH Sheet-DART-MS. These values are within the 

range for linalool found in Muscat grapes during ripening: approximately 60 to over 1000 

µg/L from veraison to ripeness 76. A moderate correlation (R2 = 0.66) was observed between 

SPME-GC-MS and SPMESH Sheet-DART-MS measurements (Figure 5). This correlation 

was comparable to our previous work using “one-shot” SPMESH card and DART-MS 37. 

Variation among detectable samples was 18% CV. As with the IBMP, SPMESH Sheet-

DART-MS measured higher concentrations than SPME-GC-MS for high linalool samples 
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(slope = 0.52). We observed a similar phenomenon in our earlier SPMESH work 37 which we 

credited to isobaric interferences from other monoterpenes (e.g. geraniol, nerol).    

Throughput on SPMESH-DART-MS vs. SPME-GC-MS. The SPMESH Sheet approach 

yielded improvements in throughput and automation. Even with a 1 hr equilibration, we could 

prepare, extract and analyze 24 samples from grapes to data in less than 3 hr. This is a 

considerable improvement over SPME-GC-MS which, at best, could analyze 24 samples in 

12 hr not including sample preparation time. DART-MS analysis time can be further reduced 

by increasing positioning stage scanning speed, as demonstrated earlier 69. This approach 

would result in a loss of sensitivity but may be appropriate for higher concentration targets 

like linalool in Muscat-type grapes, where concentrations are in excess of the methodological 

detection limit.  

 

CONCLUSIONS 

SPMESH Sheet-DART-MS was used to measure two quality-related volatiles (linalool and 

IBMP) at native concentrations in a broad range of grape samples. Good correlations between 

SPMESH Sheet-DART-MS and SPME-GC-MS were observed (R2 = 0.66-0.70). The 

SPMESH approach required 10-fold less instrument time. During SPMESH analyses, an 

offline heating and agitation step was necessary to equilibrate native IBMP with the labeled 

standard and achieve good equilibration. The use of tandem MS improved the detection limit 

for IBMP by an order of magnitude, to 4 ng/L, as compared to previous SPMESH-DART-MS 

work. This work demonstrates the suitability of SPMESH Sheet-DART-MS as a rapid 

benchmarking platform for trace level volatiles. 
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CHAPTER 4: LIQUID DESORPTION AND MASS SPECTROMETRIC ANALYSIS OF 

TRACE LEVEL VOLATILES FOLLOWING PARALLEL HEADSPACE EXTRACTION ONTO 

SORBENT SHEETS 
	
 

ABSTRACT 

Solid-phase mesh enhanced sorption from headspace (SPMESH) using poly-

dimethylsiloxane (PDMS)-based sorbent sheets is appropriate for parallel extraction of 

headspace volatiles from samples in multiwell plates. In earlier work, volatiles extracted by 

SPMESH were desorbed and quantitated by direct analysis in real time mass spectrometry 

(DART-MS). In this report, we evaluate an alternative desorption approach which relies on 

small volume droplets (low µL) to desorb volatiles from SPMESH sheets prior to MS 

analysis. Droplet composition (solvent and percentage) and droplet volume were optimized to 

maximize raw signal and sensitivity. Using GC-MS for analysis of the desorbed droplets, 

detection limits of two common odorants, 4-ethylphenol (48 µg/L) and 4-ethylguaicol (19 

µg/L) were found below their respective sensory thresholds in proof-of-concept work. 

Droplet-desorption samples were also run on a liquid extraction surface analysis (LESA-MS) 

for automated, high-throughput demonstrations. Finally, we discuss potential advantages of 

droplet-desorption vs. DART desorption of SPMESH extracted volatiles, including improved 

spatial resolution and the ability to include an additional online chromatography step.	
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INTRODUCTION 

Trace-level (<1 mg/L) volatile analyses in food, environmental, and other complex matrices 

are typically performed by gas chromatography-mass spectrometry (GC-MS).1 Several 

approaches for volatile isolation and pre-concentration prior to GC-MS are described in the 

literature, of which headspace solid-phase microextraction (SPME) is a popular choice for 

routine analysis due for several reasons, including its sensitivity, avoidance of solvents and 

ease of automation. However, GC-MS methods generally have relatively low-throughput (~30 

min or more per analysis)77 due to the time necessary for a GC oven cycle and – in the case of 

SPME sample preparation – the need for adequate SPME extraction time.  

Our group has recently reported a high-throughput, trace-level approach for volatile analysis 

that uses laser-etched thin-film sorbent meshes for headspace volatile extraction (Solid-Phase 

Mesh Enhanced Sorption from Headspace, SPMESH).36,37,69,78 Using polydimethoxysilane 

(PDMS)-based SPMESH devices with dimensions similar to standard multiwell plates, we 

were able to analyze a representative odorant in 24 samples in <17 min, with detection limits 

down to low ng/L and excellent accuracy and robustness.69 In follow-up work, we 

demonstrated that SPMESH could preserve the spatial distribution of extracted volatiles from 

a 2-D surface, which could subsequently characterized by MS to generate a volatile mass 

spectral image (MSi).78 In our earlier studies involving parallel extraction of volatiles onto 

SPMESH sheets, volatiles were desorbed and analyzed by direct analysis in real-time MS 

(DART-MS) using a commercially available automated X-Z positioning stage. The speed and 

reproducibility of automated DART-MS makes it well-suited for coupling with SPMESH, as 

well as well as other related thin-film SPME (TF-SPME) devices.27,32 
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Despite its advantages, the use of DART-MS for desorption and analysis of volatiles 

presents some limitations. For example, compounds with low volatility or high molecular 

weight are not well suited to DART analyses, as analyte molecules must be present in the gas 

phase and cannot thermally degrade during ionization.28 In our work with SPMESH-DART-

MS, we observed lower sensitivity (≥3 orders of magnitude) for aldehydes (hexanal and 

furfural) as compared to analytes with stronger proton-accepting or donating groups (e.g. 3-

isobutyl-2-methoxypyrazine or linalool).36 Another limitation of DART-MS and related 

techniques is the potential for isobaric interferences due to a lack of a chromatography step.24 

These interferences can sometimes be overcome with high-resolution and/or tandem MS, but 

this approaches may still be insufficient for resolving structural isomers, e.g. the common 

plant monoterpenes, linalool and geraniol (empirical formula = C10H18O).36 Introducing a GC 

separation step between SPMESH extraction and MS analysis (SPMESH-GC-MS) would 

overcome this challenge. SPMESH-GC-MS would have slower analysis times than SPMESH-

DART-MS. However, because SPMESH extraction can be performed in parallel on multiple 

samples, SPMESH-GC-MS could still provide advantages over conventional analyses that 

require lengthy SPME extraction times. As reviewed elsewhere, the time necessary to reach 

95% of equilibration (t95) can be up to 280 h.79 A final limitation of SPMESH-DART-MS is 

that can achieve only limited spatial resolution (~5 mm) for MSi studies due to the size of the 

was limited by the resolution of the DART source. Alternative MSi approaches such as matrix 

assisted laser desorption ionization (MALDI)-MS can achieve spatial resolution < 100 µm, 

but this and other approaches are poorly suited for analysis of most volatiles due to their high 

volatility and low molecular weight.80 
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The limitations described above could be avoided by using small volumes of precisely 

placed solvent (a “liquid microjunction”) to desorb volatiles from the surface of SPMESH 

sheets. The volatiles could then be analyzed directly by any appropriate MS technique or after 

a chromatographic step (GC-MS or LC-MS). The use of discrete (solvent droplet) and 

continuous (solvent stream) liquid microjunctions for surface sampling has been extensively 

described for a range of qualitative, quantitative, and MSi applications.81,82 Discrete sampling 

devices can be readily automated in the form of commercial autosamplers that can deliver and 

retrieve low-µL solvent droplets via a syringe. For example, these devices have been used to 

extract metabolites from rat tissue cross-sections prior to HPLC-ESI-MS/MS as part of MSi; 

and for quantitative analyses of proteins and small molecules in TLC or blood spots.83 In 

addition to allowing for flexibility with the MS and chromatography platforms, liquid 

microjunction approaches can also achieve excellent spatial resolution (~0.1 mm) and allow 

for the customization of the extraction solvent to achieve better selectivity, if desired.81 

Despite these potential advantages, droplet desorption from sorbent SPMESH sheets using 

liquid microjunctions presents unique challenges. In SPMESH, volatiles are absorbed into the 

polymeric PDMS sheet, which could limit their accessibility to the solvent droplet. This 

contrasts with other surface sampling reports, where analytes are adsorbed to the surface (e.g. 

TLC or blood spots) or in a matrix with high solvent mobility (a tissue sample). Other SPME 

devices, e.g fibers and coated blades, have been coupled to continuous liquid microjunction 

based samplers,19 but these approaches are more challenging to automate.84 Additionally, 

extracted volatiles will be more non-polar than typical metabolites, which will necessitate the 

use of more non-polar desorption solvents. Typically, solvents for non-polar volatiles have 
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lower surface tension and higher volatility than aqueous solvents, which complicates their use 

in surface sampling.  

In this manuscript, we describe proof-of-concept work showing that an optimized discrete 

liquid microjunction (a syringe-delivered droplet) can be used for manual or automated 

desorption of volatiles from SPMESH sheets. This advance decreases the spot size and 

expands the range of chromatographic and/or MS platforms appropriate for use in analyzing 

volatiles following parallel SPMESH extraction. We demonstrate that droplet desorption 

SPMESH with GC-MS quantification can provide better sensitivity than DART-MS for two 

volatile phenols. When used in conjunction with ambient ionization, it can facilitate 

quantitative mass spectral imaging (MSI) from complex samples.83,85  

 

MATERIALS AND METHODS 

Materials. PDMS sheets (CultureWell Silicone Sheet, 0.25 mm thick/13 cm × 18 cm) were 

purchased from Grace Bio-Labs (Bend, OR). Deep well, 10 mL, 24-well plates were 

purchased from VWR (Randor, PA). Spacers and clamps for the extraction device were 

machined by the Cornell University LASSP machine shop (Ithaca, NY). Standards of 4-

ethylphenol (4-EP) (>99% purity, FCC, FG) and 4-ethylguaiacol (4-EG) (>99% purity, FCC, 

FG) were purchased from MilliporeSigma (Burlington, MA), and d4-4-ethylphenol (d4-EP) (> 

98% purity, 99% D) was purchased from Neta Scientific (Hainesport, NJ). HPLC-grade 

methanol, dichloromethane, and acetonitrile were purchased from MilliporeSigma 

(Burlington, MA). SPMESH devices were produced by laser-etching 0.5 × 0.5 mm mesh 

patterns into PDMS sheets at the Cornell NanoScale Facility (Ithaca, NY) as previously 

described 69. 
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SPMESH Sheet-DART-HRMS. SPMESH Sheet extractions were performed using previously 

optimized conditions.69 Briefly, the SPMESH Sheet was baked out in a GC oven at 250 °C for 

15 min immediately prior to use. A 24-well plate was loaded with 5 mL samples (Figure 1). A 

Teflon gasket was placed over the 24-well plate, followed by a stainless steel spacer, the 

SPMESH Sheet, a second stainless steel spacer, and finally a stainless steel cover. The 

assembly was secured with bolts and butterfly nuts. Headspace extraction was then performed 

by incubating the assembly at 50 °C for 30 min.   

Figure 1. Headspace-SPMESH Sheet and liquid desorption workflow: (a) after a 30 min headspace 

extraction, (b) a loaded SPMESH Sheet undergoes (c) liquid desorption with 2 µL solvent mixture 

from a syringe and is immediately injected into a MS. 

 

For analysis by DART-MS, SPMESH Sheets were transferred to a 3DS-XZ automated 

positioning stage attached to a DART standardized voltage and pressure (SVP) ion source 

(Ionsense Inc. – Sangus, MA) coupled to an Orbitrap Elite HRMS (Thermo Fisher Scientific – 

Waltham, MA) via a Vapur interface (Ionsense Inc). The DART source was operated in 

transmission and negative ion modes with He carrier gas at 300 ˚C. The 3DS-XZ was 

controlled by the DART-SVP web-based software, as previously described 69. The HRMS 

was operated in negative ion mode, at a resolution of 120000, and data was collected in full 

scan mode over the range of 30 to 200 m/z. For quantification, extracted ion chronograms at 5 
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ppm mass tolerance were used in MS mode: 121.0659 m/z 4-EP, 151.0763 m/z 4-EG, and 

125.0909 m/z d4-EP.  

GC-MS conditions. A Shimadzu TQ-8040 GC-MS with EI source (Shimadzu Inc – 

Columbia, MD) was used for experiments. Samples (2 µL) were injected manually, in 

splitless mode, immediately following desorption onto a 30 m × 0.32 mm × 0.5 µm VF-

WAXms column (Agilent – Santa Clara, CA). Helium was used as the carrier gas at a 

constant pressure of 100 kPa, 50 mL/min total flow and 5.02 mL/min column flow rate. The 

MS ion source temperature, interface temperature, and injector temperature were 250 °C. The 

temperature ramp was as follows: initial temperature was 30 °C, increased to 100 °C at 100 

°C/min, increased to 115 °C at 2 °C/min, increased to 145 °C at 100 °C/min, increased to 175 

°C at 2 °C/min, and finally increased to 250 °C at 100 °C/min, followed by a 5 min hold time 

for a total run time of 29.25 min. Data were collected in SIM mode at the following 

quantifying ions: 107 m/z 4-EP, 137 m/z 4-EG, and 111 m/z d4-EP, simultaneously a full scan 

was run from 50-300 m/z.  

Manual droplet-based desorption SPMESH Sheets – general conditions. A schematic of the 

general approach to droplet desorption is shown in 1. SPMESH extraction was performed as 

described in “SPMESH Sheet-DART-MS”, after which the SPMESH sheet was removed 

from the device and placed on a flat surface. Using a 10 µL syringe (700 series, Hamilton Co. 

– Hopkinton, MA), a droplet was dispensed manually onto the surface of the SPMESH Sheet 

in an area containing extracted volatiles. After 10 s, the same syringe was used to retrieve the 

drop from the SPMESH Sheet. The droplets were then analyzed by either flow injection 

analysis (FIA)-Orbitrap-MS or GC-MS, as described below. Immediately after injection, the 
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syringe was rinsed three times with the extraction solvent before beginning the next 

extraction. 

Droplet size and composition optimization. Several parameters were investigated for their 

effect on raw signal: desorption solvent volume (2, 5, 10, 25, 50, and 75 µL), desorption 

solvent percentage (50, 60, 70, 80, and 90% with water as the remaining percentage), and type 

of desorption solvent (acetonitrile, dichloromethane, and methanol). For all tests, a SPMESH 

sheet was used for parallel extraction of 1 mg/L solutions of 4-EP, 4-EG, and d4-EP (using 

conditions described in “SPMESH Sheet-DART-MS”). For experiments involving desorption 

solvent volumes >2 µL, droplets were transferred to vials, agitated, and a 2 µL sub-sample 

used for further analysis. The droplets were then analyzed by GC-MS, as described in “GC-

MS conditions”.  

Calibration and figures of merit. Calibration curves were generated in water. Stock 

solutions of unlabeled standard compound and the deuterated, matched internal standard were 

prepared in methanol such that spiking 50 µL of stock solution into 5 mL of deionized water 

resulted in calibration standards with the following concentrations: 200, 400, 800, 1600, and 

3200 µg/L 4-EP and 75, 150, 300, 600, and 1200 µg/L 4-EG. An internal standard, d4-EP, was 

included in all standards at 400 µg/L. Calibration solutions were prepared in 20 mL amber 

SPME vials (MilliporeSigma – Burlington, MA) and stored at 4 °C until use. Three replicates 

were performed for each concentration level. Limits of detection were calculated from 

calibration curves based on S:N = 3; limits of quantification were based on S:N = 10. 

High-throughput analysis. The Orbitrap Elite (Thermo Fisher Scientific – Waltham, MA) 

used for FIA was operated in negative ion mode, at a resolution of 120000, and data was 

collected in full scan mode over the range of 30 to 200 m/z. For quantification, extracted ion 



 

 70 

chronograms at 5 ppm mass tolerance were used in MS mode: 121.0659 m/z 4-EP, 151.0763 

m/z 4-EG, and 125.0909 m/z d4-EP. For experiments done in MS2 mode, the following 

transitions were monitored: 151 > 136.0533 m/z 4-EG, 121 > 106.0423 m/z 4-EP, and 125 > 

110.0674 m/z d4-EP. 

The LESA autosampler was coupled to a LTQ XL MS (Thermo Fisher Scientific – 

Waltham, MA) operated in negative ion mode with high purity He as the carrier gas. The 

LESA was a TriVersa NanoMate with a chipbased nano electrospray ionization source. The 

following transitions were monitored in SRM mode: 121.04 > 106 m/z for 4-EP (38 NCE), 

125.08 > 110 m/z for d4-EP (35 NCE), and 151.04 > 135 m/z for 4-EG (30 NCE). After 

extraction, the SPMESH was affixed to a 1536 well plate then placed on the movable 

positioning stage. Desorption lasted 30 s, performed in triplicate for each spot. Additional 

calibration standards were made for high-throughput analyses at higher concentrations due to 

poor sensitivity: 600, 1200, 2400, 4800, and 9600 µg/L 4-EP with 1200 µg/L d4-EP. 

RESULTS AND DISCUSSION 

Droplet desorption-SPMESH-Sheet-GC-MS: overview. The SPMESH headspace extraction 

approach used in this report used PDMS SPMESH sheets, as previously described, to extract 

volatiles from samples in parallel from a multi-well plate (Fig 1a and 1b). In contrast to 

previous work which used DART-MS for volatile desorption and analysis, in our current 

work we used a liquid microjunction (a µL sized droplet, delivered by syringe) to desorb 

extracted volatiles prior to GC-MS(-MS) analyses. We refer to this approach as droplet-

desorption-SPMESH-GC-MS. Analogous use of droplet-based sampling has been described 

previously for extraction of propranolol and its phase II metabolite hydroxypropranolol 

glucuronide from drug-dosed, whole-body rat thin tissue sections, followed by mass 
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spectrometric analysis.85 To accomplish this, a syringe filled with 2 µL of solvent is deposited 

onto a loaded SPMESH sheet (Figure 2). 

 Figure 2. Droplet desorption: a syringe filled with 2 uL of 50:50 acetonitrile: water deposits a droplet 

onto a loaded SPMESH sheet which desorbs the loaded sample for 10 s, after the droplet has 

sufficiently desorbed the sample off the SPMESH sheet, the droplet can be retrieved with the syringe 

and directly injected into a mass spectrometer.  

 For proof of principle experiments on droplet-desorption-SPMESH-GC-MS, we 

investigated two volatile phenol odorants, 4-ethylphenol (4-EP, “band-aid” aroma) and 4-

ethylguaiacol (4-EG, “clove” aroma). These volatile phenols are well-known markers of 

Brettanomyces (“Brett”) spoilage yeasts in wine, and contribute to so-called “Brett’ off-

aromas.86 Analogous spoilage of fruit juices Alicyclobacillus acidoterrestris also leads to 

formation of 4-EP and 4-EG taints, along with other related phenols.87 Analysis of volatile 

phenols is frequently performed by conventional SPME-GC-MS, but these analyses can be 

slowed by the need for slow extraction times to achieve adequate sensitivity, e.g. one 

optimization study recommended a 50 min SPME equilibration. Replacing “one-at-a-time” 

conventional SPME based extractions with parallel SPMESH extractions could potentially 

expedite these targeted analyses. 
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Figure 3. Acetonitrile droplets of varying percentages on a SPMESH sheet (top) and acetonitrile 

droplets of varying volumes on a SPMESH sheet (bottom).  

 
Droplet size and composition optimization. Initial optimization of droplet-desorption-

SPMESH-GC-MS-MS evaluated the effects of the following parameters on signal intensity 

using a univariate design: Desorption solvent volume, and desorption solvent composition 

(Figure 3 and Table 1).  

Solvent volume: For optimization of solvent volume, a range of 2 – 75 µL with 80:20 

acetonitrile: water (ACN:H2O) solutions was evaluated (Figure 3). Following droplet 

desorption, 2 µL of the desorbed sample was injected into the GC-MS. Aliquots of 75 µL 

could not be recovered from the SPMESH because the droplet collapsed, i.e. wetted the 

surface, and therefore were not analyzed (Figure 3). We report results for 4-EP, 4-EG, and d4-

EP using 2 µL and 50 µL droplets in Table 1; other data is not shown. We selected the 2 µL 

droplet size for the remainder of our experiments, although both the 2 and 50 µL present 

different advantages. The 2 µL droplet achieves better spatial resolution, approximately 0.1 

mm. This is a considerable improvement over the spatial resolution of SPMESH-DART-MS, 

which was limited to 4-5 mm by the DART source85, and is comparable to the spatial 
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resolution achieved by desorption electrospray ionization (DESI) (as low as 35-40 µm).88,89 

Alternatively, the use of a larger solvent droplet could be used to achieve better sensitivity by 

either using a large volume injector (LVI), or by pre-concentrating a sample off-line prior to 

injection, although neither of these techniques were evaluated in our current work. 

Solvent composition: Initially, we evaluated different proportions of ACN:H2O on 4-EP, 4-

EG, and d4-EP signal intensity. The ACN:H2O solvent system was selected because it has 

been used successfully in other liquid microjunction experiments.84 ACN:H2O ratios from 50-

90% were evaluated. ACN ratios below 50:50 were not investigated as we assumed that the 

target analytes would not be effectively solubilized. At 90:10 ACN:H2O, we could not 

recover the droplet due to its low surface tension, resulting in wetting (Figure 3). At other 

concentrations, droplets could be recovered and analyzed by GC-MS, and results are shown 

for 50:50 and 80:20 ACN:H2O (results for 60:40 and 70:30 are not shown). We observed 

approximately an order of magnitude increase in raw signal for 50:50 ACN:H2O solutions 

compared to 80:20 ACN:H2O (Table 1). This result was unexpected, since we initially 

presumed the more apolar 80:20 solvent system would be more effective at extracting the 

non-polar volatile phenols. Speculatively, higher ACN concentrations would swell the PDMS, 

which decreases the ability of the solvent system to extract non-polar analytes.  

We also considered alternate solvent systems, 50:50 methanol:H2O and 100 

dichloromethane, using 2 µL droplets. We observed that 50:50 methanol:H2O resulted in an 

order of magnitude less signal than 50:50 ACN:H2O (Table 1), presumably because of its 

higher polarity. Dichloromethane did not maintain sufficient surface tension to be retrieved 

off the mesh (not shown). As a result, we selected 2 µL of a 50:50 ACN:H2O for further 

methods characterization. 
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Table 1. Average raw extraction signal (from *n=2, **n=3) for acetonitrile droplets of varying 

volumes and compositions, off a SPMESH sheet loaded with 1 mg/L 4-EP and 4-EG. 
 

 
 

Calibration and figures of merit. For evaluation of the optimized method, SPMESH Sheet 

extractions were performed on multi-well plates containing different concentrations of 4-EP 

and 4-EG. Sample spots were then desorbed using a 2 µL of a 50:50 ACN:H2O droplet. Each 

calibration level was analyzed in triplicate (i.e. three extracted spots were desorbed 

separately). As with other SPME-based methods, the use of isotopically labeled standards 

(here, d4-EP) during SPMESH Sheet analyses is critical for achieving acceptable quantitative 

results to correct for discrimination during the extraction step.71 Detection limits were 48 µg/L 

for 4-EP and 19 µg/L for 4-EG (Table 2), each below its respective sensory threshold: 440 

µg/L 4-EP and 33 µg/L 4-EG.90 We observed good linearity R2 = 0.93 for 4-EP and 0.96 for 

4-EG. These figures of merit confirm the applicability of this liquid desorption approach, 

however the use of a GC-MS detector is a considerable limitation when it comes to 

throughput. 

 
 
 
 
 
 
 

1 mg/L 
(headspace 
extraction)

2 µL 80:20 ACN:H2O** 50 µL 80:20 ACN:H2O* 2 µL 50:50 ACN:H2O** 2 µL 50:50 MeOH:H2O
Avg Raw 
Signal ×

104

%RSD Avg Raw 
Signal ×

104

%RSD Avg Raw 
Signal ×

104

%RSD Avg Raw 
Signal ×

104

%RSD

d4-EP 0.45 12 0.35 14 2.55 73 0.79 23
4-EP 0.81 71 0.30 54 4.90 52 1.26 12
4-EG 0.17 13 0.19 5 4.01 62 1.00 31
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Table 2. Figures of merit. 

 

High-throughput analysis. To increase throughput, we first moved our droplet-desorption 

SPMESH approach to a FIA-HRMS. The droplet sample was injected immediately following 

desorption, as described above. However, significantly higher concentrations were required (1 

– 50 mg/L) compared to GC-MS to generate sufficient signal (data not shown). This may be 

due to the small amount of material extracted on to the mesh (1-2% of the headspace 

concentration), limited desorption area, and less efficient ionization by ESI (compared to EI). 

To assess the potential for high-throughput analysis, a trial extraction and analysis was 

performed on a LESA-MS/MS (Figure 4). While limits of detection did not significantly 

improve from FIA-HRMS (no signal detected at 4-EP ion), likely due to a less sensitive MS, 

fully automated extraction increased throughput – 30 s desorption and a 2 min electrospray – 

an improvement over a 30 min GC-MS run. 

4-EP 4-EG
Calibration range 200 – 3200 µg/L 75 – 1200 µg/L
R2 0.93 0.96
LOD 48 µg/L 19 µg/L
LOQ 144 µg/L 57 µg/L
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Figure 4. Representative LESA-MS-MS data for 4-EP headspace extraction from 9600 ug/L, extracted 

ion chromatogram at 121 m/z (bottom) and total ion chromatogram (top). Signal begins when the 

injection occurred. 

 

CONCLUSION 

In summary, a droplet-desorption approach appropriate for trace-level volatile analysis has 

been developed. Limits of detection for 4-ethylphenol and 4-ethylguaiacol were found to be 

below their sensory thresholds when droplets were analyzed with GC-MS. High-throughput 

analysis combined with automated desorption and sample introduction is attainable by LESA-

MS, though detection limits were lacking without high-resolution MS. Extraction efficiency is 

a challenge that was not addressed in this work, since desorption spots are significantly 

smaller than extracted areas. Future work should aim to improve the extraction device, by 

adding additional sorbent polymers or using a solid sheet rather than mesh format to increase 

sorbent sites, which should increase absorbed analyte available for desorption and improve 

sensitivity.  
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CHAPTER 5: FUTURE WORK – DROPLET-BASED DESORPTION FOR TRACE-LEVEL, 

SPATIALLY RESOLVED ANALYSES 
	
	
INTRODUCTION 

SPMESH Sheet-DART-MS is capable of parallel headspace extraction and preconcentration 

from a multi-well plate, with analysis times for 24 samples in less than 20 min and detection 

limits in the µg/L to ng/L range. Chapter 2 described the development and optimization of the 

SPMESH Sheet approach, and improvements in throughput from the initial one-shot 

SPMESH method. A full validation was performed during the 2019 harvest for Chapter 3, 

demonstrating improved limits of detection in grape matrices and the assessment of SPMESH 

Sheet-DART-MS as a high-throughput benchmarking method. Droplet-based desorption off 

the SPMESH Sheet was investigated in Chapter 4 for the analysis of volatile phenols, which 

were much more difficult to detect using DART-MS due to the ionization mechanism of the 

DART source, resulting in detection limits in the high mg/L range. However, droplet-based 

desorption is also effective for a variety of other compounds and would allow for increased 

selectivity depending on the solvent used.  

 

DROPLET-BASED DESORPTION FROM SPMESH SHEETS. 

Several common aroma compounds (Table 1) were examined for compatibility with the 

droplet-desorption approach. Compounds of interest were extracted onto the SPMESH sheet 

from the headspace of 5 mL of 1 mg/L solutions (as described in Chapters 2 & 3). Then, 2 µL 

droplets of solvent: water mixture were pipetted onto the mesh surface to desorb the 
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compounds off the loaded mesh, prior to direct injection into a GC-MS (as described in 

Chapter 4).  

 
Table 1. Limits of detection for several common aroma compounds using two different solvent 
mixtures by droplet-based desorption SPMESH, compared to sensory thresholds 
Compound Limit of 

detection 
(mg/L) –  
50% ACN:H2O 

Limit of detection 
(mg/L) –  
50% MeOH:H2O 

Limit of 
detection 
(mg/L) –  
80% ACN:H2O 

Sensory 
threshold 

2-aminoacetophenone 1.99 1.67 0.77 1 µg/L 
Methyl anthranilate 0.60 2.49 1.27 8 µg/L 
β-damascenone 0.14 1.28 0.04 2 µg/L 
Linalool 0.07 0.21 0.06 6 µg/L 
IBMP 0.02 0.62 0.004 2 ng/L 

 

Limits of detection for IBMP, β-damascenone, and 2-aminoacetophenone were improved 

with the use of an 80% acetonitrile: water solution, while methyl anthranilate performed 

better with a 50% acetonitrile: water solution (similar to 4-EP and 4-EG in Chapter 4). 

Acetonitrile percentage did not have a strong effect on linalool desorption. Using methanol as 

the desorption solvent did not improve desorption of any of the compounds of interest, likely 

due to its polarity. Since most odorants and our SPMESH Sheet are non-polar, acetonitrile 

and other aprotic or more non-polar solvents should be sufficient. However for semi- and non-

volatiles, additional solvents may perform better and even for other volatiles, the ratio of 

solvent to water may significantly improve signal, as was the case for methyl anthranilate, and 

would be critical for maintaining droplet surface tension with increasingly non-polar solvents. 

Additionally, limits of detection could be further improved with MS/MS or HRMS, as shown 

for IBMP in Chapter 3. 

A potential advantage of coupling SPMESH with droplet-desorption as opposed to 

SPMESH-DART-MS is the improvement in spatial resolution. Rather than being limited to 
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the resolution of the DART source (4-5 mm), spatial resolution can be controlled by droplet 

size (approximately 0.1 mm for a 2 µL droplet). This resolution level would allow for a mass 

spectral imaging approach for volatiles from intact samples rather than the homogenized 

samples analyzed from a multi-well plate by SPMESH-DART-MS in Chapters 2 & 3. 

However, homogenization was a convenient was to prepare samples such that an internal 

standard could be added and cell walls would be broken, releasing volatiles. To accomplish 

this sort of sample preparation for real samples, an imprinting step needs to be introduced. For 

example, DESI-MS of plant imprints has been used to help understand how plants 

metabolically respond to microbial pathogens.91 

Imprinting is a sample preparation method that involves mechanical disruption of a 

biological sample (such as a leaf) surface or cross-section on a porous surface (such as PTFE 

or a TLC plate), which enhances the volatility of analytes of interest while creating a flat 

surface necessary for imaging experiments (Figure 1). An advantage of imprinting for volatile 

analysis is that it removes the bulk of the non-volatile matrix, reducing the complications 

associated with matrix effects. Additional work with SPMESH has shown excellent recovery 

from 5 µL of a variety of matrices deposited on TLC plates for many of the same odorants.78  

Figure 1. Proposed imprinting workflow: a biological sample is imprinted onto a porous surface prior 

to droplet-based desorption at discreet spots across the sample, which can be combined to generate a 

mass spectral image. 
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One concern with imprinting, especially in regards to volatile analysis of plant matter, is the 

production of interfering compounds like green leaf volatiles. These compounds are a stress 

response produced by many plants when cell walls are broken,92 and would be present in 

higher concentrations than the analytes of interest. These green leaf volatiles could potentially 

take up sorbent sites on the mesh by traditional headspace extraction. However, by combining 

an imprinting step with droplet-based desorption, solvent optimization could help limit 

potential interferences. The sorbent SPMESH sheet may be useful if preconcentration is 

needed, but droplet-based desorption directly off the imprint may be sufficient when coupled 

with an HRMS. 

Based on the preliminary data and TLC-based SPMESH work, this approach is trace-level 

and appropriate for quantification of common odorants with the use of a matched internal 

standard. Automation of droplet-based desorption has been shown by Van Berkel’s group 

with a CTC PAL autosampler and 10 µL syringe reprogrammed to sample predetermined 

sites85, for increasing throughput of this approach. Additionally, with the use of HRMS and 

carefully selected solvents, untargeted discovery work should be feasible from real samples 

using this approach (Figure 1), since it would no longer be limited to compounds ionized by 

DART and/or absorbed by PDMS.  
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APPENDIX 

CHAPTER 2 SUPPLEMENTARY MATERIALS 
Table 1: Response surface experimental design. 
 
Extraction Temperature 
(°C) 

Extraction Time 
(min) 

Desorption Temperature 
(°C) 

Scan Speed 
(mm/s) 

30 15 200 1 
60 15 450 0.5 
30 15 450 2 
60 15 200 0.5 
50 60 450 2 
50 60 200 0.5 
60 15 400 2 
50 30 400 1 
30 60 450 0.5 
40 30 400 1 
50 30 300 1 
40 60 250 1 
30 60 350 2 
60 60 350 0.5 
40 30 400 1 
40 60 250 1 
40 30 200 2 
60 30 250 1 
50 15 250 2 
60 60 200 2 
40 15 350 0.5 
30 30 250 0.5 
50 30 400 1 
 
Table 2: Well plate orientations for calibration curves & recovery experiments. 
Calibration Curve –  
Well Plate Setup Run 1: 

    B IS 1 B 5.1 B 2.4 
IS 3 B 5.3 B 3.4 B 

B 1.1 B 5.2 B 3.3 
3.2 B 4.1 B 2.2 B 

      Well Plate Setup Run 2: 
    B 4.3 B 4.4 B 1.4 

4.2 B 2.3 B 3.1 B 
B 5.4 B 2.1 B IS 4 

1.3 B IS 2 B 1.2 B 
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Recovery - 
Well Plate Setup: 

    B1 1.2 B2 IS 1 B3 IS 2 
IS 4 1.3 2.4 1.4 GB 3 3.1 
B4 3.4 3.2 GB 2 IS 3 3.3 
1.1 2.3 2.2 2.1 GB 4 GB 1 

B = blank (water) 
GB = matrix blank (grape macerate) 
IS = internal standard (grape macerate) 

 
Figure 1: Close-up graphic representation of an etched SPMESH sheet, to demonstrate parallel 
(a, gray) vs. perpendicular (b, white) edge area. 
 

 
 
Figure 2: Determination of mesh regeneration: columns depict average IBMP signal from three 
replicate runs, error bars indicate one standard deviation.  
*Indicates significant difference (p < 0.0001)  
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Table 3: Surface area calculations for the three initial etched SPMESH dimensions, broken down 
into the surface area of the full etched SPMESH sheet and the surface area desorbed by the 
DART for a single sample well (“desorption area” = 3 x 10 mm), where applicable. 
 

Etched 
SPMESH 
dimensions 

0.5 x 0.5 mm 1.0 x 1.0 mm 1.5 x 1.5 mm 

Fold difference 
between  
0.5 and 1.5 

Full 
sheet  

Desorption 
area 

Full 
sheet  

Desorption 
area 

Full 
sheet 

Desorption 
area 

Full 
sheet  

Desorption 
area 

Total surface 
area (mm2) 7401 - 4963 - 3744 - 2.0 - 

Total surface 
area available 
with metal 
spacers (mm2) 

2640 37 1840 27 1440 22 1.8 1.7 

Parallel face 
area (mm2) 3744 - 1713 - 1002 - 3.7 - 

Parallel face 
area available 
with metal 
spacers (mm2) 

1440 22 774 13 540 10 2.7 2.1 

Perpendicular 
face area (mm2) 3657 - 3250 - 2742 - 1.3 - 

Perpendicular 
face area 
available with 
metal spacers 
(mm2) 

1200 15 1066 13 900 11 1.3 1.3 

 
Table 4: ANOVA tables for each compound’s RSM model. 
IBMP: 
Source DF Sum of Squares Mean Square F Ratio 
Model 14 1888511299 134893664 87.9728 
Error 8 12266848.5 1533356.1 Prob > F 
C. Total 22 1900778148  <.0001* 
 
Linalool: 
Source DF Sum of Squares Mean Square F Ratio 
Model 14 1.4283e+10 1.0202e+9 4.6605 
Error 8 1751213408 218901676 Prob > F 
C. Total 22 1.6034e+10  0.0174* 
 
Methyl anthranilate: 
Source DF Sum of Squares Mean Square F Ratio 
Model 14 7.9601e+10 5.6858e+9 77.3056 
Error 8 588396020 73549503 Prob > F 
C. Total 22 8.0189e+10  <.0001* 
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Figure 4: Additional response surface plots for the following compounds – variables. 
 
IBMP – scan speed vs. desorption 
temperature 

 
 
Methyl anthranilate – extraction time vs. 
extraction temperature 

 

Linalool – extraction time vs. extraction 
temperature

 
 
Methyl anthranilate – scan speed vs. 
desorption temperature 
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Figure 5: Calibration curves in aqueous solution by the internal standard method. The internal 
standard ratio = (peak area of standard)/(peak area of matched internal standard). 
 
IBMP 
*One outlier removed from 5000 level, determined by quantile range outliers in JMP, with tail 
quantile of 0.1 and Q of 3.  

 
 
Linalool 

 
 
Methyl anthranilate 
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CHAPTER 3 SUPPLEMENTARY MATERIALS 
 
S-1: Matrix-matched calibration curves for IBMP (left) in Pinot Noir homogenate by 
SPMESH Sheet-DART-MS-MS and linalool (right) in Chardonnay juice by SPMESH Sheet-
DART-MS. 

 
 
S-2: Chronograms of extracted ions for IBMP 167 > 124.0632 m/z and d3-IBMP 170 > 
127.0818 m/z (100 ng/L spiked) in Pinot noir homogenate (contains no native IBMP); run at 
higher equilibration temperature to check for interferences. 
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CHAPTER 4 SUPPLEMENTARY MATERIALS 
 
S-1: Droplet-desorption calibration curves for 4-EP (left) and 4-EG (right). 

 
 
S-2: Representative SPMESH-DART-MS data, unable to detect 4-EP (extracted ion 121.0659 
m/z, bottom) compared to total ion chromatogram for reference (top). 

 


