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David E. Alonso, Todd Richards, and Joe Binkley

Household dust is an important indicator of chemical exposure. Humans are regularly exposed to a wide 
variety of harmful substances in dust, such as pesticides, flame-retardants, and persistent organic pollut-
ants (POPs). The occurrence of POPs in homes is potentially high because of the presence of harmful chem-
icals in household goods, such as carpet, furniture, paint, textiles, and electronic devices. Unfortunately, 
the characterization of pollutants in dust samples is complicated because of component chemical diversity 
and trace concentrations in this complex matrix. Many POPs are present in different forms (congeners, 
structural isomers, and stereoisomers). For example, there are 209 possible congeners for polychlorinated 
biphenyls. Furthermore, analysis by conventional gas chromatography–mass spectrometry (GC–MS) is ham-
pered by overlapping chromatographic peaks and isobaric interferences. In this study, we implemented the 
use of high resolution time-of-flight mass spectrometry (HR-TOF-MS) with a novel multimode ionization 
source together with enhanced chromatographic resolution to successfully detect and identify pollutants in 
household dust samples. The implementation of this methodology resulted in the identification of a variety 
of POPs including PCBs, PBDEs, and pesticides in the dust. 

Comprehensive Screening of 
Pollutants in Household Dust 
Using High-Resolution Mass 
Spectrometry with Enhanced 
Chromatographic Resolution

Individuals spend a good portion of their lives indoors 
and are regularly exposed to a variety of harmful 
substances. Hazardous chemicals are ubiquitous, and 

chronic exposure via inhalation, dermal uptake, or inges-
tion can be detrimental to human health. The sources of 
pollutants in homes and places of employment include, 
but are not limited to, textiles, electronic devices, and 
building materials. Dust is a repository of a wide array 
of substances; therefore, it is an important indicator of 
chronic chemical exposure (1). Unfortunately, analyz-
ing dust samples is challenging because of the enormous 
number of chemical constituents, variety of chemical 
classes with different physiochemical properties, and 
wide concentration ranges. Analysis by conventional gas 
chromatography–mass spectrometry (GC–MS) and liquid 
chromatography–mass spectrometry (LC–MS) techniques 
is hampered by overlapping chromatographic peaks and 
potential isobaric interferences in their mass spectra. Re-
searchers have attempted to circumvent these problems 

by combining different instrumental techniques for ana-
lyzing targeted compounds in complex dust samples (2–4). 
More recent untargeted approaches have been conducted 
through multi-institutional collaborations and the utili-
zation of numerous analytical techniques (5).

The focus of this study was to develop a methodology 
for the untargeted characterization of compounds in a dust 
standard reference material (SRM), office dust, and house-
hold dust. The instrumental technique used for the analysis 
combined comprehensive two-dimensional gas chromatog-
raphy and high resolution time-of-flight mass spectrome-
try (GCxGC-HR-TOF-MS) using a novel ion source. The 
enhanced chromatographic resolution of GCxGC mini-
mized coelutions, and isobaric interferences were reduced 
because of the high resolving power of the mass spectrom-
eter. The technology resulted in data with exceptional peak 
alignment between ionization modes, better signal to noise 
(S/N), and an increase in the total number of compounds 
identified. Electron ionization (EI) data were utilized to 
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identify compounds through spec-
tral similarity searches of large da-
tabases and formula determinations 
for molecular, adduct, and fragment 
ions. Positive chemical ionization 
(PCI) and electron capture negative 
ionization (ECNI) spectra provided 
complementary molecular formula 
information to increase confidence in 
compound identification. Advanced 
software tools allowed for both un-
targeted data processing as well as 
retrospective targeted analysis of the 
comprehensive data. Instrument soft-
ware afforded complete control over 
the autosampler, chromatograph, and 
mass spectrometer, in addition to au-
tomated instrument optimization for a 
seamless transition between the three 
ionization modes. 

Experimental 
Sample Preparation
Office and house dust samples were 
obtained from vacuum cleaner bags 
used over multiple weeks at a local 
home and place of business. A Na-

tional Institute of Standards and Tech-
nology (NIST) SRM 2585 was pur-
chased directly from the NIST website 
and used for method development (6).

Dust samples were weighed (0.14 ± 
0.01g) and transferred to 10 mL glass 
centrifuge tubes. Then, 3 mL of ex-
traction solvent (3:1 dichlorometh-
ane/hexane) were added, and the 
tube was capped. The heterogeneous 
mixture was vortexed for 10 s and 
then extracted for 20 min via sonica-
tion. The supernatant was removed, 
and the residue was extracted again 
with an additional 3 mL of solvent. 
The combined extracts were filtered 
using a syringe filter and placed under 
N2 gas to evaporate the solvents. The 
resulting residue was reconstituted 
in 400 μL of dichloromethane and 
transferred to 2 mL vials for analysis. 
The instrument used for data collec-
tion was a Pegasus HRT+ 4D. (LECO 
Corporation) equipped with a novel 
multimode source (MMS). The mass 
spectrometer was operated in EI, PCI, 
and ECNI modes with source tempera-

tures of 250 °C for EI and 165 °C for 
both PCI and ECNI. The spectrome-
ter was tuned with perf luorotribu-
tylamine (PFTBA) to give a resolving 
power of 25,000 for m/z 218.98514 and 
a mass accuracy less than or equal to 
1 PPM. Data were collected at 200 
spectra per second, and methane was 
used as a reagent gas for chemical ion-
ization. The gas chromatograph was 
equipped with a LECO Dual Stage 
QuadJet Thermal Modulator and two 
different columns. The column set 
consisted of an Agilent DB-5MS UI 
(30 m x 0.25 mm i.d. x 0.25 μm film 
thickness) first dimension (1D) col-
umn, and a Trajan BPX-50 (0.60 m 
x 0.10 mm i.d. x 0.10 μm film thick-
ness) second dimension (2D) column. 
The carrier gas was helium (1.0 mL/
min constant f low), the injection 
was 2 μL splitless, and the inlet was 
programmed to start at 70°C and in-
crease to 300 °C at 500 °C/min. The 
oven temperature program started at 
80 °C (1 min) before it increased to 
140 °C at 20 °C/min (30 min hold). 



Table I: Halogenated compounds in the SRM

Name Formula tR (s) Similarity PPM Name Formula tR (s) Similarity PPM

Benzyl chloride C7H7Cl 488, 
1.952 873 0.87 Carbaril C12H11NO2

2920, 
4.696 818 N/A

Benzyl bromide C7H7Br 560, 
2.263 866 0.54 Chlorpyrifos C9H11Cl-

3NO3PS
3104, 
3.712 827 N/A

2-Chlorophenyl 
isocyanate C7H4ClNO 600, 

2.264 927 0.31 Thiabendazole C10H7N3S
3272, 
6.424 929 0.66

3-Chlorophenol C6H5ClO 664, 
2.784 896 1.32 trans-Chlordane C10H6Cl8

3360, 
4.136 788 N/A

4-Chloroaniline C6H6ClN 696, 
3.160 913 1.52 cis-Chlorodane C10H6Cl8

3440, 
4.200 772 N/A

p-Ethylbenzylchlo-
ride C9H11Cl 720, 

2.704 931 0.21 p,p'-DDE C14H8Cl4
3544, 
4.480 855 -0.62

α-Bromomesitylene C9H11Br 912, 
3.528 861 -0.23 TDCPP C9H-

15Cl6O4P
3912, 
4.904 902 N/A

3,4-Dichlorophenyl 
isocyanate C7H3Cl2NO 944, 

3.358 820 1.93 2,'3,4',6-Tetrabromodi-
phenyl ether C12H6Br4O

4384, 
6.528 831 0.34

2,5-Dichloroaniline C6H5Cl2N
1352, 
7.124 933 -0.25 Sumithrin (isomer 1) C23H26O3

4400, 
5.184 871 -0.21

1-Chlorododecane C12H25Cl 1504, 
3.656 949 -0.80 Sumithrin (isomer 2) C23H26O3

4432, 
5.084 935 0.2

Chlorfenidim C9H11ClN2O
1632, 
3.512 811 N/A Permethrine C21H20C-

l2O3

4840, 
5.792 909 -0.28

Dodecane, 1-bromo- C12H25Br 2096, 
3.768 873 N/A Permethrine Isomer C21H20C-

l2O3

4888, 
5.816 914 -0.55

2',3',4'-Trichloroace-
tophenone C8H5Cl3O

2488, 
2.976 781 N/A Cyfluthrin C22H-

18Cl2FNO3

5048, 
5.624 751 N/A

TCEP C6H-
12Cl3O4P

2632, 
3.392 893 N/A 2,2',4,4',5,-Pentabro-

modiphenyl ether C12H5Br5O
5056, 
7.296 892 -0.45

TCPP C9H-
18Cl3O4P

2704, 
3.008 918 N/A Cyfluthrin (isomer 2) C22H-

18Cl2FNO3

5088, 
5.584 805 N/A

Diazinone C12H21N-
2O3PS

2712, 
2.872 818 -0.84 Cyfluthrin (isomer 3) C22H-

18Cl2FNO3

5128, 
5.560 817 N/A

TCPP C9H-
18Cl3O4P

2728, 
3.064 816 N/A α-Cypermethrin C22H19Cl-

2NO3

5160, 
5.944 844 N/A

Clorophene C13H11ClO 2904, 
4.120 824 1.22 β-Cypermethrin C22H19Cl-

2NO3

5192, 
5.936 883 N/A
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It then ramped up to 200 °C at 10 
°C/ min and finally increased to 300 
°C at 1.5 °C/min (5 min hold). The 
secondary oven was maintained at 
+5 °C relative to the primary oven. 
The modulation period was 8 s, and 
the temperature offset of +15 °C was 
relative to the secondary oven.

Data Processing
GCxGC-HR-TOF-MS data were pro-
cessed using ChromaTOF brand 
software. Peak Find (untargeted) 
processing included automated mass 
calibration (PFTBA calibrant), peak 
finding with deconvolution, spec-
tral similarity comparisons to large, 

well-established databases (NIST 
20, Wiley 12), and formula determi-
nations for high resolution, accurate 
mass (HRAM) molecular and frag-
ment ions. The target analyte finding 
(TAF) processing feature of Chroma-
TOF was used to target trace com-
pounds in the dust samples.
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Results and Discussion
The EI data collected was relatively 
rich and intense because of the uni-
versal ionization capabilities and 
efficiency of the ionization method. 
PCI and ECNI are selective ioniza-
t ion modes for electron-rich and 
deficient compounds, respectively. 
ECNI mode exhibits not only selec-
tivity but exceptional sensitivity for 
electron-deficient compounds. The 
utilization of all modes, together 
with the HRAM capabilities of the 
mass spectrometer, facilitated the 
identif ication of the compounds, 

thereby increasing the total num-
ber of annotated substances in the 
dust. Careful inspection of the EI 
data contour plot for the NIST SRM 
(FIGURE 1) clearly illustrated the en-
hanced separation of GCxGC, lead-
ing to better S/N, cleaner spectra, 
and improved spectral data- base 
similarity scores. Furthermore, the 
plot exhibited group clustering (or 
positioning) for easy visualization 
and quick identification of the com-
pound groups of interest and the 
removal of undesirable column and 
septa bleed. Dust components high-

lighted in the plot include branched 
and l inear alkanes, dibenzothio-
phenes, phthalates, parent and sub-
stituted pyrene, and chrysene pol-
yaromatic hydrocarbons (PAHs). 
Group clustering directly correlated 
to compound physiochemical prop-
erties; thus, their ability to interact 
with column stationary phase was 
impacted. Increased efficiency in 
compound separation was accom-
plished through careful pr imar y 
and secondar y column selection. 
The two columns were coated with 
different stationary phases leading 
to dissimilar or orthogonal com-
pound separation mechanisms. For 
a nonpolar primary column (100% 
dimethyl polysiloxane), there were 
stronger London dispersion force 
interactions between the stationary 
phase and compounds with greater 
molecular weights and increased 
surface area. For example, higher 
molecular weight l inear a lkanes 
were retained longer than smaller, 
branched alkanes. In the case of the 
secondary column with an increased 
percentage of aromatic groups (50% 
dimethyl/50% diphenyl polysilox-
ane), saturated hydrocarbons inter-
acted less with the phase and are 
located at the bottom of the contour 
plot (y-axis) while unsaturated com-
pounds such as PAHs are located at 
towards the top of the plot because 
they were retained more through 
stronger pi–pi interactions. The as-
signed bubble colors in the contour 
plot are related to compound clas-
sification, and their size is propor-
tional to their relative areas. 

After automated data processing, a 
large number of organic compounds 
were identified in the SRM includ-
ing hydrocarbons, acids, amines, 
alcohols, aldehydes, ketones, esters, 
phenols, terpenes, fatty acids, ste-
rols, and phosphates. Classes of sub-
stances identified included illicit and 
over-the-counter drugs, food and 
f lavor substances, sunscreen com-
ponents, tobacco-related alkaloids, 
and cannabinoids. Two examples are 
cotinine, the predominant nicotine 
metabolite in humans, and cocaine, 



Table II: TAF results for the SRM, office, and household dust samples

Target POP tR (s) NIST Office House Target POP tR (s) NIST Office House

C6Cl6 2536, 2.872 66777 10364 485688 CB 6Cl:4 3832, 4.640 285099 324443

CN Cl4 2848, 3.304 13710 CB 6Cl:5 3904, 4.872 85405 83716

CN Cl4:2 2920, 3.568 143301 CB 6Cl:6 3984, 5.096 280450 328292

Chlordane Isomer 1 3208, 3.552 62129 CB 7Cl 4080, 4.864 149348 108803

Heptachlor 1 3232, 4.128 15887 CB 7Cl:2 4104, 4.952 68723 50837

CB 4Cl 3272, 4.192 21645 8827 CB 6Cl:7 4136, 5.632 39203 47433

Heptachlor 2 3336, 4.360 215913 CB 6Cl:8 4144, 4.976 27026 22346

trans-Chlordane 3360, 4.112 1730979 3025 11470 CB 7Cl:3 4208, 5.304 92038 91365

CB 4Cl:2 3368, 4.552 10321 1454 CB 7Cl:4 4240, 5.376 38110 38962

Chlordane Isomer 2 3392, 4.096 266412 CB 6Cl:9 4272, 5.392 67431 66771

CB 5Cl 3400, 4.224 54160 50338 CB 7Cl:5 4328, 5.120 26105 19932

Nonachlor Isomer 1 3432, 3.848 9577 CB 7Cl:6 4368, 5.200 397534 369028

cis-Chlordane 3440, 4.176 624489 CB 7Cl:7 4536, 5.720 86694 109695

Nonachlor 3464, 3.888 596640 3023 CB 8Cl 4584, 5.312 119235 53370

CB 5Cl:2 3584, 4.720 44766 55571 CB 9Cl 4784, 5.416 13906

CB 6Cl 3640, 4.536 23649 33324 CB 8Cl:2 4792, 5.864 27430 15635

CB 6Cl:2 3648, 4.520 23937 CB 8Cl:3 4912, 5.672 94752 58564

CB 5Cl:3 3712, 4.712 304119 305058 BDE-71 5056, 7.288 5480469 433778 663837

Nonachlor Isomer 3 3784, 4.656 98500 CB 9Cl:2 5128, 5.720 51490 10114

CB 6Cl:3 3800, 4.576 44400 46349 CB-209 5312, 5.792 9879
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Figure 4: (a) Deconvoluted EI and (b) database mass spectra and similarity score for trans-
chlordane. (c) Deconvoluted ECNI mass spectrum and (d) calculated ion cluster with isotopic 
fidelity score for trans-chlordane.
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a powerful tropane alkaloid obtained 
from coca leaves native to South 
America. The comparison of their 
deconvoluted mass spectra to data-
bases resulted in spectral similarity 
match values of 895 and 936, respec-
tively, out of a potential perfect score 
of 1000. Greater confidence in com-
pound identification was achieved 
by examining the mass accuracy val-
ues (PPM = 106 x (m/zobs – m/zcalc / 
m/zcalc) for these compounds (-0.23 
and 0.28 PPM respectively). 

Subst a nces of  major env iron-
mental and human health concerns 
included halogenated organic com-
pounds, pesticides, and persistent 
organic pollutants (POPs). These 
compounds were present in trace 
quant it ies ,  but t hey were easi ly 
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characterized through analysis with 
a combination of EI and PCI or ECNI. 
The names, database similarity val-
ues, and molecular ion mass accura-
cies of selected hazardous substances 
are listed in TABLE I. Spectral similar-
ity values for all compounds in TABLE 
I averaged 862/1000. Mass accuracy 
values ranged from -0.80 to 1.93 PPM 
for compounds with molecular ions in 
their mass spectra. The endocrine-dis-
rupting, brominated flame retardant, 
2,2’,4,4’,5,-pentabromodiphenyl ether 
(BDE-99), exhibited a similarity value 
of 892/1000 and mass accuracy of 0.34 
PPM for its molecular ion. Mass accu-
racy values for major fragments were 
used to help characterize compounds 
when molecular ions were absent in 
their spectra. For example, tris-di-
chloropropylphosphate (TDCPP), 
a phosphorus f lame retardant used 
widely in the 1970s in children’s paja-
mas has a strong fragment ion at m/z 
= 378.89870 ([M-CH2Cl]+,-0.03 PPM). 
Spectra for BDE-209 and TDCPP are 
shown in FIGURE 2. 

The pesticides identified in the 
SRM included organochlorines, or-
ganophosphates, carbamates, and 
pyrethroids. One example is sumi-
thrin, a general insecticide of the py-
rethroid family used for agricultural 
and household applications. Sumi-
thrin, also known as D-phenothrin, 
is a neurotoxin used to kill mosqui-
toes, f leas, ticks, and head lice. Tech-
nical mixtures can be comprised of 
up to four stereoisomers because 
their structure contains two asym-
metric carbon atoms. The EI Peak 
True and database mass spectra for 
the sumithrin isomer 2 are displayed 
in FIGURE 3 (similarity = 935/1000). 
The spectrum shows a small mo-
lecular ion with a mass accuracy of 
0.20 PPM. The complementary PCI 
data displays excellent mass accu-
racy for the [MH]+, [M+C2H5]+, and 
[M+C3H5]+ adducts (m/z 351.19547, 
-0.03 PPM; m/z  379.22688, 0.29;
and m/z 391.22624, -1.36 PPM). In
addition, a comparison of the ac-
tual molecular ion cluster in the PCI
spectrum for sumithrin and the the-
oretically generated cluster resulted

in an excellent match (isotopic fi-
delity = 990/1000). The EI and ECNI 
for the electron-deficient pesticide, 
trans-chlordane, are displayed in 
FIGURE 4 .  The EI spectral similar-
ity and mass accuracy values were 
788/1000 and -0.22 PPM ([M-Cl]+). 
As expected, a significant increase 
in sensitivity (>10x), and production 
of an intense molecular anion (-0.05 
PPM, Fidelity = 982/1000) was ap-
parent when using ECNI.

After analyzing the results of the 
untargeted data processing of com-
prehensive NIST SRM data, trace 
compounds of interest were identi-
fied and targeted in the comprehen-
sive GCxGC data. Targeted process-
ing is fast and ideal for trace analysis, 
quantitative analysis , or both. In 
this study, 40 halogenated pollut-
ants were targeted on ECNI contour 
plots with pinpoint accuracy with 
two retention time (tR) values and 
two abundant HRAM masses. For 
example, the [M+2]-• (407.79539) 
and [M+4]-• (409.79247) ions were 
u s ed to  t a rge t  t ra n s-ch lord a ne 
(C10H6Cl8) in comprehensive data 
files. The list of target pollutants 
included hexachlorobenzene, poly-
chlorinated naphthalenes (PCNs), 
heptachlor isomers, chlordane iso-
mers ,  polychlor inated biphenyls 
(PCBs),  nonachlor i somers ,  a nd 
BDE-71. TAF processing results for 
the NIST SRM, household, and office 
samples are listed in TABLE II . These 
results demonstrated that NIST 2585 
SRM contained more pollutants than 
either the office or household sam-
ples, which was expected because 
the NIST SRM consists of a large col-
lection of dust samples from differ-
ent sources, whereas the office and 
household samples were limited to 
specific locations.

Summary
Household and office dust are good 
indicators of human exposure to haz-
ardous substances. In this study, an 
improved analytical approach using 
GCxGC with high resolution mass 
spectrometry (HRMS) was utilized 
for the untargeted characterization 

of dust samples. Compounds were 
identified using a combination of da-
tabase searches and formula determi-
nations for molecular and fragment 
ions. Complementary PCI and ECNI 
modes of ionization produced data 
that improved confidence in com-
pound identification. Dust analysis 
result comparisons demonstrated 
that there were more POPs in the 
SRM as compared to the household 
and office samples. The total num-
ber of compounds characterized in 
this study was much greater than 
the number reported in the certif-
icate of analysis for SRM. For ex-
ample, chlorinated naphthalenes 
and large numbers of polychlori-
nated paraffins were not listed in 
the SRM certificate; however, they 
were identified during this study. 
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The widespread wildfires in northern California’s wine country in 2020 posed a multitude of issues for winemakers, even 
for those whose vineyards were lucky to survive. One of the primary challenges of harvesting a vintage exposed to wild-
fires is smoke taint, which at high levels can make the taste of a wine akin to an ashtray. Smoke taint is caused by aroma 
compounds called volatile phenols that are released by burning wood. These odorants are absorbed and stored as non-
volatile glycosylated precursors in grapes, but they may be released during winemaking, resulting in a loss of wine quality. 
Currently, gas chromatography–mass spectrometry (GC–MS)-based approaches are used to measure volatile phenols with 
sufficient sensitivity. However, GC–MS suffers from low throughput, which can cause backlogs when there are demand 
surges, which were experienced in 2020. In this article, solid phase mesh enhanced sorption from headspace (SPMESH) was 
modified for direct immersion (DI) conditions and coupled to direct analysis in real time–mass spectrometry (DART-MS), 
creating a new method for analyzing volatile phenols referred to as DI-SPMESH-DART-MS. The DI-SPMESH-DART-MS tech-
nique was performed on volatile phenols, including guaiacol (G), a common marker for smoke taint. This approach enabled 
increased throughput of a sample every 2 min, offering an effective method for rapid screening of volatile phenols. 

Quantifying Smoke Taint in 
California Wines by Immersive 
Sorbent Sheet Extraction Prior to 
Direct Analysis in Real-Time  
Mass Spectrometry (DART-MS)

T he wildfires that hit northern California in 2020 caused 
extensive damage to numerous vineyards; however, in 
many cases, the vines themselves remained intact. Ex-

posed to smoke for prolonged periods throughout the month 
of September, the 2020 harvest was written off by winemak-
ers who were unwilling to risk producing wine with a smoky, 
ashy taint (1). This concern resulted in a major economic hit 
for an industry struggling to rebuild. Therefore, rapid and 
reliable methods for detecting compounds associated with 
smoke taint in unfermented grape juice or newly fermented 
wines are needed to help winemakers navigate this problem. 

Grapes absorb volatile phenols, such as guaiacol (G) and 
4-methylguaiacol (4-MG), from burning wood, storing them 
as nonvolatile glycosylated precursors prior to release during 
winemaking. Gas chromatography–mass spectrometry (GC–
MS) techniques, utilizing solid-phase microextraction (SPME) 
fibers for phenol extraction, offer sensitive detection for such 
phenols but run times are in the order of 30–60 min per sam-
ple (2,3). This observation is an important limitation—for this 

application and more generally in the production of seasonal 
products—when analyses are required quickly and in large 
numbers, to support decisions around how best to manage 
the harvest at key points in the year. In 2020, winemakers 
needed reliable data to decide whether to discard fruit ahead 
of beginning the winemaking process but analytical demand 
rapidly outstripped supply as thousands of wineries sought 
smoke taint analysis via commercial laboratories with lim-
ited throughput. Inherently faster analytical techniques are 
needed to deliver higher throughput and ease this problem.

Direct analysis in real-time mass spectrometry (DART-MS) 
has a proven track record in the detection of food and drink 
contaminants (4) and the speed to deliver significant through-
put gains to address analytical bottlenecks. However, off-aro-
mas can result from odorants present at levels of just a few 
parts per billion or even less (5). Effective extraction and 
preconcentration of the odorants from the juice is therefore 
critical to capitalize on the inherent capabilities of DART-MS 
to provide rapid, sensitive detection. 
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Thin-film microextraction (TFME) 
coupled to ambient ionization (AI)-MS 
has already been successfully used to 
rapidly preconcentrate and quantify 
trace analytes present in complex ma-
trices (2). TFME devices can be fabri-
cated from adsorbent materials coated 
on solid substrates or absorbent 
polydimethylsiloxane (PDMS) mesh 
sheets—solid phase mesh enhanced 
sorption from headspace (SPMESH) 
sheets—with the latter exhibiting bet-
ter performance for the concentration 
of volatile headspace compounds (6). 
Simple to prepare by laser etching, SP-
MESH sheets enable the simultaneous 
extraction of volatiles from multiple 
samples and have been successfully 
coupled with DART-MS to quantify 
µg/L to ng/L levels of odorant vola-

tiles such as 3-isobutylmethoxypyra-
zine (IBMP, “green pepper”), linalool 
(“f loral”), and methyl anthranilate 
(“Concord purple grape juice”), with 
speed and efficiency (7). 

A direct immersion (DI)-SPMESH 
technique for the volatile phenols as-
sociated with smoke taint was devel-
oped and combined with DART-MS 
to provide a rapid, effective screening 
solution for assessing grape juice. A 
pragmatic alternative to the use of 
multipolymer SPMESH sheets, which 
are not commercially available, this 
technique removes any requirement 
for headspace partitioning and builds 
on previously reported success using 
DI for volatile phenols (8,9). Experi-
ments were carried out to determine 
the selectivity of the resulting DI-SP-

MESH-DART-MS technique for the 
target phenols . The results show 
that this innovative approach offers 
advantages in regard to both speed 
and sensit iv it y compared with a 
headspace DART-MS technique and 
could be used to support winemak-
ing decisions.

Developing a TFME Device for High 
Throughput Phenol Extraction
SPMESH sheets were made from PDMS 
sheets (Grace Bio-Labs) using laser 
etching to apply a 0.5 by 0.5 mm mesh 
pattern (Cornell NanoScale Facility) 
in accordance with a previously devel-
oped method (7). These were baked for 
30 min at 250 °C prior to use. 

For headspace (HS) extraction, sam-
ples were loaded into a 24 deep well 
plate (VWR), which was then covered 
with: a Teflon gasket; stainless-steel 
spacer; SPMESH sheet; second spacer; 
and stainless-steel top cover. Once se-
cured, the assembly was shaken at 200 
rpm at 50 °C for 30 min (C24KC Refrig-
erated Incubator Shaker). 

For DI extraction, the previously 
described assembly was modified 
to include a second Tef lon gasket 
between the spacer and top cover 
and secured using a standard wood-
working vice clamp (Grainger). This 
complete assembly was then inverted 
and agitated at 200 rpm at 22.5 °C. 
Post-extraction the SPMESH sheets 
were rinsed with water to remove in-

(a)

(g) (f) (e)

(b) (c) (d)

Figure 1: (a–e) A schematic of the developed DI-SPMESH-DART-MS method. 
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Figure 2: A schematic showing the key features of an ion source for DART-MS.
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terfering analytes prior to DART-MS 
analysis (see FIGURE 1). 

With both extraction methods SP-
MESH sheets are soaked in a water:-
methanol solution to remove residual 
non-volatiles prior to re-use.

Establishing a DART-MS Method 
for Fast and Reliable Analysis
In DART-MS, the analyte is volatilized 
and ionized at the inlet to a mass spec-
trometer by a heated gas flow, allowing 
analysis of a wide range of sample types 
without preparation under ambient 
conditions in an open environment. 
Here, the SPMESH sheets were placed 
on an automated positioning stage and 
scanned at a rate of 0.5 mm/s. FIGURE 2 
shows a schematic of the standardized 
voltage and pressure (SVP) ion source 
used (DART, Ionsense Inc.). The high 
voltage needle applies an electrical dis-
charge converting the inert gas, in this 
case helium, into a plasma. Ions and elec-
trons are then filtered out, leaving only 
longer-lived excited atoms and molecules 
in the exiting stream. The grid electrode 
prevents ion-electron recombination and 
provides electrons for the negative-ion 
formation while the heater increases the 

temperature of the exiting gas, thereby 
promoting the desorption of molecules 
from the sample surface. The net result is 

a heated gas stream containing neutral, 
highly energetic atoms and molecules 
that interact with the sample to produce 

0.3% 0.1% 0.1%

0.1%

0.01%

0.09% 0.02%

0.02% 0.03% 0.07%

0.02% 0.02% 0.02%

0.01% 0.01%

0.01%

0.1% 0.1%

0.2%0.5%0.2%

0.0%

0.4% 0.3%

(b)

(a)

Figure 3: (a) The original HS design and (b) evidence of lower crosstalk with the new DI device 
indicates that all wells can be simultaneously used to maximize throughput in the parallel 
extraction of volatiles. 
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ions for analysis in a coupled atmospheric 
pressure ionization mass spectrometer.  
In this study the ion source was coupled 
to a triple quadrupole mass spectrometer 
(Finnigan TSQ Discovery Max, Thermo) 
via an interface (Vapur, IonSense) to 
maximize ion collection. Tests were 
carried out using two different ceramic 
caps—0.5 mm and 2.5 mm—at the out-
let of the ion source to control the di-
ameter of the gas stream, and both the 
ion source and mass spectrometer were 
operated in negative ion mode. The tem-
perature of the exiting gas was 300 °C. 

A range of baseline experiments 
and scans were carried out to identify 
precursors and products for each com-
pound of interest and to establish a 
method for analyte quantitation. These 
included full scans of DI-SPMESH ex-
tractions of 10 mg/L aqueous solutions 
for each of the individual phenols of 
interest: guaiacol (G) (>99% purity), 
4-methylguaiacol (4-MG) (99% pu-
rity) (Acros Organics), 4-ethylphenol
(4-EP) (>99% purity, FCC, FG), and
4-ethylguaiacol (4-EG) (>99% purity,
FCC, FG) (MilliporeSigma). To assess
interferences between the compounds, 
DI-SPMESH extractions were also per-
formed for 1 mg/L aqueous solutions
of each the phenols of interest, for
two deuterated internal standards—
d4-4-ethylphenol (d4-EP) (> 98%
purity, 99% D, Neta Scientific) and
d3-guaiacol (d3-G) (>99% D, C/D/N
Isotopes, Pointe-Claire)—and for sy-
ringol, a component of wood smoke. All
measurements were made in triplicate.

Method Optimization
A series of tests were carried out to assess 
the integrity of the TFME device and to 
progressively optimize the method:
• To determine how watertight each of 

the two devices were, 5 mL of water
was added to every other well (12 out
of 24 wells in total). The device was
then sealed, inverted, and visually
checked for signs of leakage. Cross-
talk, which is the extent of leakage
of volatiles between the headspace
of adjacent wells, was assessed by
adding 5 mL of 10 µg/L IBMP in
water solution to every other well
and carrying out the HS-SPMESH-

DART-MS technique as previously 
described (7). 

• The stability of the analytes on the SP-
MESH sheets were assessed by carrying 
out HS-SPMESH extractions and leav-
ing the sheets in air at room temperature 
for varying lengths of time—0, 20, 40 or 
60 min—prior to DART-MS analysis.

• Desorption efficiency was assessed
by carrying out HS-SPMESH ex-

tractions and then analyzing the 
same sheet by DART-MS three 
times in succession with no repeat 
extraction.

• Extraction kinetics were assessed by 
varying the incubation times used in
both HS-SPMESH and DI-SPMESH
extractions (six wells). Data were
collected at incubation times of 5,
15, 30, 60, and 120 min.
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Figure 5: (a) Rinsing or (b) diluting samples are both effective in increasing the signal associated 
with the phenols of interest by reducing the impact of sugars, acids, and other juice components. 
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• Sheet rinsing and sample dilution pro-
tocols were optimized by assessing the 
impact of rinse volume by immersing
the SPMESH in 0, 1, 2, or 5 mL of water 
for 30 s following DI extraction of an un-
diluted spiked sample (standard solution 
of 4-EP, 4-EG, 4-MG and G (1 mg/L) in 
white grape juice (Welch’s)). Rinse time 
was also tested using a 5 mL water vol-
ume and a shaking time of 0, 10, 20, and 
30 s and repeated with a diluted, spiked 
samples (1:1 with water).

Making Measurements
The developed DI-SPMESH-DART-MS 
technique was used to measure a range 
of commercial juice samples including 
white grape juice (Welch’s) and sam-
ples from local vineyards: Cabernet 
franc (Vitis vinifera), Chardonnay (V. 
vinifera), Concord (V. labruscana), 
Lemberger (V. vinifera), and Pinot 
Noir (V. vinifera). Comparative anal-
yses were also carried out using the 
HS-SPMESH-DART-MS technique.

Limits of detection (LODs) were 
determined for the DI-SPMESH-
DART-MS techniques in water and 
model juice. Well plates were pre-
treated with a 1 g/L bovine serum 
albumin solution to reduce active site 
binding for all measurements. Accu-
racy measurements were carried out 
using real juice samples spiked with 
target phenols.

Assessing Performance: 
Demonstrating an Effective 
High Throughput Technique 
for Volatile Phenol Detection
The experiments carried out enabled 
the progressive optimization of the 
DI-SPMESH-DART-MS method, ulti-

mately resulting in a method with the 
sensitivity, accuracy, and throughput 
required to provide value for the appli-
cation.

The design of the DI-SPMESH de-
vice was shown to be superior to that 
of the preceding HS-SPMESH assembly 
with respect to leakage and crosstalk. 
In leakage testing, the DI assembly 
remained watertight for 2 hr when in-
verted, whereas the HS design leaked, 
demonstrating its unsuitability for the 
DI technique. Crosstalk was an order 
of magnitude lower in the DI-SPMESH 
design (FIGURE 3B) relative to the origi-
nal HS-SPMESH design which has lev-
els ranging from 0.1 to 0.5% (FIGURE 
3A). These results confirm the suitabil-
ity of the new TFME device design for 
full utilization of the well plate and 
for the parallel extraction of volatiles 
onto spatially resolved locations on the 
sheet. 

Each of the phenols was observed 
to form a series of oxygenated adducts 
of the form [M+nO-H]- (for example, 
[4-EP+O-H]-). These have potential to 
give rise to isobaric interferences among 
the analytes and steps were taken to 
refine the method for maximum selec-
tivity with optimal m/z values selected 
for each of the phenols. Analytes were 
found to be highly stable on the SP-
MESH (no loss of volatile phenol sig-
nal after one hour in air), and the ion 
source was shown to be highly effective 
in achieving thermal desorption of the 
sample. An 80% reduction in signal was 
observed with each repeat measure-
ment test in desorption studies. Taken 
together, these results demonstrate the 
potential utility of the DART-MS tech-
nique for extracted phenols.

Initial studies with the HS-SPMESH 
device showed poor LODs for the tar-
get phenols in water and grape juice. 
FIGURE 4 shows the impact of longer ex-
traction times and indicates that even 
after 2 hr, there is little, if any, evidence 
of a plateau in HS extraction (red line). 
DI extraction, in contrast, was found 
to be far more effective (see FIGURE 
4—blue line). After 5 min, signal lev-
els with DI match those achieved with 
HS after 120 min and equilibrium lev-
els are reached within 60 min at most; 
the equilibrium signal intensities were 
far higher than those achieved with 
HS. These results provide further evi-
dence of the superiority of DI for a high 
throughput technique.

One f inal step with respect to 
optimizing the technique was to 
address the potential for fouling 
and associated interference from 
nonvolatiles associated with the re-
peated use of SPMESH sheets. No 
evidence of fouling was observed in 
the DI-SPMESH experiments. How-
ever, in init ial experiments with 
phenol-spiked real juice samples, the 
volatile phenols proved undetect-
able, which was a result attributed 
to the adsorption of sugars, acids, 
and other juice components onto 
the surface of the SPMESH and the 
consequent competitive inhibition 
of volatile phenol ionization. FIGURE 
5 shows how rinsing removes these 
polar compounds, thereby improving 
the signal. Following rinsing for 30 
s in 5 mL of water, peaks associated 
with acid and sugar interference are 
no longer observed, and signal in-
tensity for all the volatile phenols 
increases. Diluting the juice sample 
with water has an even more dra-
matic effect (see FIGURE 5B). Using a 
saturated sodium chloride solution 
for dilution also increased the signal, 
which was an effect attributable to 
the salting out phenomenon associ-
ated with this type of TFME device. 

Based on these results, the opti-
mized method included a two-fold 
brine dilution pre-extraction and a 30 
s, 5 mL water rinse post-extraction. 
TABLE I summarizes the figures of 
merit for the fully optimized DI-SP-

Table I: Figures of merit for the optimized DI-SPMESH-DART-MS method

Water Model Juice

LOD 
(µg/L)

LOQ 
(µg/L)

% 
RSD

LOD 
(µg/L)

LOQ 
(µg/L) % RSD

Guaiacol (G) 1.7 5.6 15% 2.8 9.2 22%

4-methylguaiacol (4-MG) 1.1 3.7 23% 1.7 5.8 33%

4-ethylphenol (4-EP) 0.5 1.6 16% 0.9 2.9 13%

4-ethylguaiacol (4-EG) 1.6 5.2 31% 2.5 8.3 35%
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MESH-DART-MS method and shows 
that the LODs for the four phenols in 
water lie between 0.5 and 1.7 µg/L; in 
model juice, the corresponding range 
is 0.9 and 2.8 µg/L. These compare 
well to quoted thresholds for sensory 
detection of the phenols which are in 
the range of 9.5–440 µg/L (4). 

TABLE II summarizes the accuracy 
data for the method in dif ferent 
cultivars. 4-MG was not included 
in this analysis because of poor MS 
selectivity attributable to interfer-
ences from other compounds. With 
4-EP and 4-EG, acceptable accuracy
is observed with all grape cultivars
(values in the range 72–137% of
expected), but with G, accuracy is
cultivar-dependent. Acceptable ac-
curacy is observed with Cabernet
franc and Chardonnay but not with
Pinot Noir and Lemberger (>300%).
G is also observed in unspiked sam-
ples of these cultivars, indicating a
likely problem with isobaric inter-
ferences. Going forward, there is
the potential to address this issue
using alternative MS technologies
(high-resolution MS), thereby ex-
panding the range of cultivars for
which the technique could be used.

In terms of throughput, the tech-
nique is significantly better than 
SPME-GC–MS alternatives with the 
capability to handle 24 samples in 45 
min (that is, one sample per 2 min).

Conclusion
The method presented here provides 
a good example of the potential of 
DART-MS to provide practical and ef-

fective analysis for industrially relevant 
problems. A valuable technique for de-
tecting volatile phenols associated with 
smoke taint in grape juice samples was 
developed by exploiting the inherent 
speed and flexibility of DART-MS. Using 
a DI-SPMESH extraction device, phe-
nols can be simultaneously extracted 
with high spatial resolution to enable 
the full analysis of all 24 samples in just 
45 min, which represents an order of 
magnitude improvement in throughput 
relative to established SPME-GC–MS 
techniques that typically take approx-
imately 60 min for a single sample.

The limits of detection of the de-
veloped DI-SPMESH-DART-MS tech-
nique are in the low µg/L, below the 
sensory thresholds for the phenols of 
interest and good accuracy levels were 
achieved with multiple wine cultivars 
for the majority of the target phenols. 
These results suggest that the tech-
nique has considerable promise as a 
complement to GC–MS methods for 
rapid grape juice screening at periods 
of high demand. Specifically, commer-
cial laboratories could use DART-MS 
as an initial high-throughput screen-
ing approach during periods of high 
demand, with GC–MS used for con-
firmatory analyses. 
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Analytical scientists are searching for methods that allow the detection, mapping, and identification of a wide range 
of molecules in complex biological samples. Ion mobility spectrometry (IMS) separates molecules by their shape 
and size, offering an additional layer of analysis. The next generation of the technique, known as high performance 
ion mobility spectrometry (HPIMS), provides the ability to separate isomers faster and with less effort than chroma-
tography‐based methods. Liquid chromatography–mass spectrometry (LC–MS) frequently requires a complex setup 
and long run times to distinguish isomers. In contrast, ion mobility filters for a set of isomers can be applied on a 
similar timescale to individual mass spectra acquisition. This article reviews using atmospheric pressure drift tube 
ion mobility with an HPIMS–MS instrument to separate isomers of eight pairs of metabolites and gangliosides. The 
data demonstrates the potential benefits of being able to quickly optimize the drift gas composition to selectively 
maximize the mobility difference for isomer separation.

Separation of Isomeric Metabolites 
and Gangliosides with High 
Performance (Drift Tube) Ion 
Mobility–Mass Spectrometry 

T he study of metabolites and gangliosides is in-
creasingly important in drug discovery (1) and 
immunology (2). Accurate analysis of biologi-

cally relevant isomers is important because their struc-
ture affects their molecular properties. Typically, the 
isomers are separated using chromatography prior to 
mass spectrometry (MS) analysis. However, special-
ized chromatographic methods that distinguish iso-
mers frequently require a complex setup and long runs. 
Techniques that allow accurate results to be acquired 
quickly and efficiently would be beneficial.

Ion Mobility Spectrometry Separations
Ion mobility spectrometry (IMS) offers a potential solution. 
It is faster than liquid chromatography (LC) and requires 
less effort because it separates molecules by their shape 
and size without needing complex sample preparation or 
setup protocols (3–12). Ion mobility filters for a set of iso-
mers can be applied in a similar time frame to MS alone.

Several different IMS systems are available that can be 
coupled to mass spectrometers. Examples include drift tube 
ion mobility (DTIMS), (8) traveling wave IMS (TWIMS), 
(5,6) trapped ion mobility spectrometry (TIMS), differen-
tial mobility spectrometry (DMS) (13), and field asymmet-

ric wave form IMS (FAIMS) (9,10).
Most IMS systems are combined with time-of-f light 

(TOF) mass analyzers. IMS-TOF techniques employ ion 
mobility at a reduced pressure to satisfy the vacuum regime 
of the TOF instrument, but the high resolving power of the 
IMS system is lost.

These hybrid quadrupole mass spectrometers and ion 
trap MS instruments offer an alternative. These analyz-
ers feature ultrahigh resolution and high mass accuracy, 
but their longer acquisition times mean that they present 
challenges when coupling with IMS.

DMS and FAIMS are more compact IMS devices. Both 
forms of mobility analysis are based on nonlinear IMS and 
cannot be directly correlated to the collisional cross-sec-
tion of a molecule (9), which limits their applicability for 
modeling molecular structures or analyzing conformation 
states because of the reliance on comparisons between col-
lisional cross-sections.

Clearly, a range of IMS techniques can be coupled with 
mass analyzers to cover the majority of an analytical work-
flow. However, the missing component is a compact IMS 
device that does not sacrifice performance for size and can 
be coupled with a benchtop mass spectrometer for easy 
integration into the workflow.
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High Performance IMS (HPIMS) 
Featuring Atmospheric 
Pressure Drift Tube
High performance ion mobility spec-
trometry (HPIMS) deploys atmospheric 
pressure short drift tube technology, 
enabling it to be coupled as a practi-
cal front-end to an MS device without 
breaking vacuum. High pressure is used 
to increase the number of ion collisions 
in a smaller space, boosting performance 
in a smaller footprint device. It offers a 
high degree of flexibility for separating 
isomers and other compounds (14). 

Experimental
This study analyzed eight pairs of 
samples: a pair of gangliosides, GD1a 
and GD1b (Biovalley Nanterre), and 
seven metabolite pairs: corticoste-
rone and 21-deoxycortisol; prednis-
olone and cortisone; dexametha-
sone and betamethasone; citric acid 
and isocitric acid; ursodeoxycholic 
acid and deoxycholic acid; and etio-

cholan-3-α-glucuronide and dihy-
drotestosterone-glucuronide (Sigma 
Aldrich). All samples were analyzed 
using an MA3100 Drift Tube High Per-
formance IMS ion mobility spectrom-
eter (Excellims) mounted on a Thermo 
Scientific Q Exactive Focus hybrid 
quadrupole Orbitrap MS instrument.

The MA3100 consisted of a 10.55 cm 
dual-gate linear drift tube operating at at-
mospheric pressure. It replaced the stan-
dard electrospray ionization (ESI) source 
on the front of most MS instruments 
(FIGURE 1), enabling quick and easy tran-
sitioning between regular and IMS–MS 
use without breaking the vacuum. The 
ion mobility stage contained two Brad-
bury Nielsen-type ion gates that enabled 
operation in various IMS–MS modes.

Drift gas flow and temperature were 
under full software control. A manual 
mixing station consisting of two flow 
meters was used to apply different drift 
gases to study the potential improve-
ment in mobility resolution.

A Directspray ESI source (Excellims) 
was used for ion generation. The ESI 
voltage ranged from 1400 V to 2400 V 
and optimized for each compound pair 
at a sample flow rate of 1.5 μL/min. The 
inlet gate of the IMS analyzer was pulsed 
open for 100 μs to start the ion mobility 
separation. The electric field applied 
across the mobility analyzer’s 10.55 cm 
drift region was set to 5530 V, resulting 
in a field strength of 524 V/cm. The drift 
gas temperature was controlled at 180 °C 
for all experiments, and the drift gas flow 
was set to 2.00–2.75 L/min, depending on 
the compound. The MS instrument was 
set to a mass range of 150–2000 m/z, 
with mass spectrometer resolution set 
to 35,000 or 70,000.

For each pair of samples, both instru-
ment polarities were initially tried, with 
most compounds showing a clear prefer-
ence for one polarity, typically yielding 
two to three orders of magnitude more 
signal than for the opposite polarity. The 
gangliosides ionized primarily in nega-
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Figure 1: Instrument layout details of the dual‐gate linear drift tube operated at atmospheric pressure prior to the mass spectrometer. The drift 
tube replaces the standard electrospray ionization (ESI) source on the front of the MS instrument.
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tive ion mode. For the metabolites, three 
pairs were found to ionize primarily in 
positive mode, and three others in neg-
ative mode. The prostaglandins showed 
good intensity in either ionization mode. 
For positive ion mode, both protonated 
and sodiated ions were initially consid-
ered, and the best species were chosen 
based on the intensity and separation. 
For negative ion mode, all experiments 
were carried out on the deprotonated 
[M − H]− ion except for the gangliosides, 
which showed the highest peaks on the 
doubly deprotonated species [M − 2H]2−. 
Because drift times for the isomers were 
initially unknown, the MA3100 was run 
in scan mode with total acquisition times 
of 45–300 s, which were dictated by the 
length of drift time needed to see all ions 
of interest. This analysis time can be sig-
nificantly shortened when setting only 
individual IMS windows to confirm or 
quantify isomers with previously deter-
mined drift times. For each sample, the 
extracted mass spectra (Thermo Xcalibur 
4.0.27.19 Qual Browser) for the relevant 
masses were overlaid, and the retention 

time (tR) was converted to drift time. A 
25 ppm sucrose solution was used for 
drift time calibration in both polarities 
to eliminate the influence of changes in 
atmospheric pressure. Resolving power 
was calculated as drift time divided by 
peak width (full width at half maximum).

Initially, all samples were analyzed 
with air as standard drift gas. If the sepa-
ration with air was below 50%, carbon di-
oxide (CO2) was attempted next, followed 
by mixtures of CO2 and air using the flow 
meter apparatus described above, with 
a length of tubing for continuous flow 
blending. The percentage of CO2 in the air 
was increased until maximum improve-
ment was achieved. Percentages of gases 
were determined based on the readings of 
the flow meters. Residual CO2 traces in the 
purified air were low enough to be ignored. 
 
Results
Air as a Drift Gas
Half of the isomer pairs achieved suf-
ficient separation (from 50% to base-
line) using air as the drift gas (see FIG-
URES 2, 3, AND 4a).
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Figure 2: Urso‐deoxycholic acid (UDCA) and deoxycholic acid (DCA) illustrating the separation of two 
bile acid isomers (391.2843 m/z), using 100% air as drift gas (individual standards and 50:50 mixture 
shown).
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Figure 4: Separation and resolving power 
for the ganglioside isomer pair (917.478 m/z) in 
(a) 100% air and (b) 100% CO2, showing similar 
performance in both drift gases. No other 
metabolite pairs experienced any significant 
separation in air as a drift gas.
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Figure 3: Two metabolite pairs separated 
in 100% air: (a) dihydrotestosterone‐
glucuronide and etiocholan‐3‐α‐glucuronide 
([M − H]−) and (b) prostaglandin A1 (only [M + 
Na]⁺) and prostaglandin B1 ([M + H]+ and [M + 
Na]+species shown).
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Polar Drift Gas
Changing to a more polar drift gas is 
expected to affect the drift separation 
of molecules that could be polarized 
(15). Because this may impact the 
mobility of two molecules differently, 
the net separation can be increased 
or decreased (or remain unchanged) 
when introducing a more polar drift 
gas, which is shown for corticoste-
rone and 21-deoxycortisol in FIGURE 
5. Comparing the spectra in 100% air 
and in a 45:55 mixture of air and CO2, 
the CO2-rich drift gas shows longer 
drift times. More importantly, the 
minor separation of the two isomers 
in 100% air increased significantly in 
the gas mixture, most notably for the 
protonated species, but the effect is 
also visible for the sodiated species, 
which ref lects a relatively stronger 
inf luence of CO2 on the mobility of 
one isomer over the other.

The same approach was taken for the 
remaining isomer pairs. Prednisolone and 
cortisone increased in separation to 10% 
in the protonated species and 20% in the 
sodiated species for 25% CO2. Dexameth-
asone and betamethasone could be sep-
arated 15% in their polymer state ([2M 
+ Na]+, 807.403 m/z) with the optimum 
found at 50% CO2. Although these pairs 
benefited from a mix with CO2, 100% 
CO2 yielded almost no benefit compared 
to air. The increased separation of the 
epimeric isomers by observing the sodi-
ated dimer (as compared to protonated or 
sodiated monomer) has been shown for 
many biologically relevant pairs with a 
variety of drift gases, but until now has 
not been explored for gas mixtures.

Out of the eight isomer pairs ana-
lyzed by high-resolution atmospheric 
drift tube IMS, only the citric acid and 
isocitric acid pair remained unresolved, 
which is not surprising, given the min-

imal structural change between the 
two. A secondary peak was observed 
in CO2, potentially pointing to different 
tautomers, but again with near identi-
cal drift times. The addition of a chem-
ical modifier in the drift gas could be 
explored in the future (16).

Note that CO2 mixtures were gen-
erally not tried if air alone gave good 
results. GD1a and GD1b were mea-
sured in 100% CO2 to study the effect 
on resolution and separation. Although 
both molecules had a major change in 
drift time in CO2, separation was only 
minimally improved (FIGURE 4a). The 
resolving powers observed for the dou-
bly charged gangliosides in CO2 were 
102 and 87, respectively, yielding a sim-
ilar average resolving power to pure air.

Discussion
The results show that high perfor-
mance ion mobil it y–orbital t rap 
mass spectrometry (HPIM–OT-MS) 
is a powerful combination for the 
separation and analysis of biologi-
cally relevant isomers. The resolu-
tions were generally found to exceed 
70 and reach as high as 100, enabling 
the differentiation of comparatively 
small differences.

Although HPIM–OT-MS was capa-
ble of separating half of the isomers 
using air as drift gas, adding gas mix-
tures with CO2 increased the number 
of at least partially separated isomer 
pairs to seven out of eight.

As neither pumping speed nor 
gas-specific pressure sensor calibra-
tion need to be considered, it is easy 
to switch between dif ferent drif t 
gases, enabling optimization of com-
pound separation based on polarity 
differences (17). The ability to adjust 
the gas mixture is more practical with 
HPIMS-orbital ion trap MS because 
of the ease of changing the drift gas. 
Other studies have shown biological 
epimeric isomers change their sep-
aration in different drift gases on a 
low-pressure DTIMS–MS instrument 
(18). For the epimeric isomer pair in 
this study, the increase in separation 
with gas mixing gives another dimen-
sion of the drift gas variable that is 
not necessarily available at low pres-
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Figure 5: [M + H]+ (347.220 m/z) and [M + Na]+ (369.202 m/z) species for corticosterone and 21‐
deoxycortisol in 55:45 CO2/air (a), showing significantly increased separation compared with 100% air 
(b). At 100% CO2, the separated peaks had merged again (not shown).
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sure, where changing the drift gas is 
a more involved process.

The HPIMS coupled with Thermo’s 
MS instrument offers other variables 
that might be useful in studying 
conformation. It has f lexibility in 
temperature ranges and liquid gas 
modifiers, such as methanol (19) or 
propanol (20), can give further sep-
aration improvement. Alternatively, 
gas samples, solids, and swab samples 
can be introduced via an optional gas 
inlet or thermal desorber ion source.

Targeted Studies
In practice, HPIM–OT-MS lends itself to 
targeted studies, allowing the presence 
and relative abundance of multiple iso-
mers to be determined through a quick 
series of mobility windows. Although 
complete 2D IMS–MS maps typically 
require acquisition times in minutes, in-
dividual confirmatory IM–MS scans can 
be acquired in a fraction of a second, thus 
making the application of several IM–MS 
windows per compound feasible.

Conclusion
HPIM–OT-MS is an interesting alterna-
tive for isomer separation compared to 
complex chromatographic methods or 
relying solely on MS2 fragmentation, es-
pecially for targeted applications. Once 
the drift time of potentially occurring 
isomers has been identified using stan-
dards, quick application of targeted drift 
time windows in gated mode enables dif-
ferent isomers to be distinguished.

Compared with multicolumn chro-
matographic setups, variables includ-
ing drift gas composition, f low and 
temperature can be quickly optimized, 
giving flexibility and experimental con-
venience.

Employing ion mobility at atmo-
spheric pressure without vacuum en-
ables coupling to high resolution bench-
top mass analyzers. The addition of the 
HPIMS to the mass analyzer, rather than 
the integration of IMS, allows existing 
MS users to expand their capability.

Drift gas variation also has potential 
in the analysis of other biomolecules, for 
example saccharide isomers. Combined 
with drift gas temperature variation and 
the addition of liquid modifiers, HPIMS 

on the orbital trap MS instrument offers 
a powerful addition to the toolbox in the 
investigation of a wide variety of samples 
(liquid, thermal desorption, or headspace 
[21]) and applications, including molec-
ular characterization, isomer identifica-
tion, analysis of protein conformation 
states, and characterization of complex 
mixtures like polymers and petrochem-
ical samples (22).
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Phosphorylated saccharides are intermediates in various 
metabolic pathways of most organisms. During glycolysis, 
glucose is converted to glucose-6-phosphate (G6P), then 
to other phosphorylated saccharides such as fructose-6-
phosphate (F6P) and fructose-1,6-bisphosphate (F1,6BP), 
and finally to pyruvate for adenosine triphosphate synthesis. 
Through glycogenolysis, glucose-1-phosphate (G1P) and the 
isomer G6P are produced from the breakdown of glycogen 
branches. G6P enters glycolysis in a different pathway. Sensitive 
analysis of phosphorylated saccharides in vivo is important 
for understanding metabolism and the early detection and 
treatment of related diseases. 

Phosphorylated saccharides are very hydrophilic with very low 
retention in reversed-phase mode. Moreover, phosphorylated 
saccharides generally have low ultraviolet absorbance, making 

detection difficult. Tedious, time-consuming derivatization or ion-
pair reagents are often employed to compensate.

In this application, the Shodex HILICpak VT-50 2D (2.0 mm I.D. × 
150 mm length) with liquid chromatography–electrospray ionization 
mass spectrometry (LC–ES–MS) (Shimadzu Nexera UHPLC system 
with LC–MS 8030 Plus) was used without an ion-pair reagent or 
derivatization (please refer to table). Saccharides with two phosphate 
functional groups (F1,6BP and uridine diphosphate glucose (UDP-
Glc)) are strongly retained. The saccharides were eluted by using 
a gradient with increasing ammonium formate salt. Consequently, 
the simultaneous separation of six phosphorylated saccharides was 
achieved (Figure 1).

Shodex and HILICpak are trademarks of Showa Denko K.K. and its 

subsidiaries in the United States, Japan, and other countries.

Mass Spectrometric Analysis of Phosphorylated 
Saccharides Using the Shodex HILICpak VT-50 2D
Eiji Kagawa*, Junji Sasuga*, Hisako Sakuma*, Kanna Ito*, and Ronald Benson†  

*Showa Denko K.K., †Showa Denko America America, Inc.

259(-)
G6P

F6P
G1P

F1P

UDP-Glc

F1, 6bP

0.1 μM each (in (H2O)
20 μL

565(-)

339(-)

0 0 10 15 20 min

Figure 1: Simultaneous LC–MS analysis of G1P, G6P, F1P, F6P, F1,6BP 
(F1,6bP in image), and UDP-Glc using HILICpak VT-50 2D.

Shodex™/Showa Denko America, Inc.
420 Lexington Avenue Suite 2335A, New York, NY, 10170

Tel. (212) 370-0033 x109
Website: www.shodexhplc.com

Parameter Condition

Sample 0.1 μM each in H2O, 20 μL 

Column Shodex HILICpak VT-50 2D

Eluent (Low pressure linear 
gradient)

H2O/250 mM HCOONH4 
aq./CH3CN

Gradient
72/8/20 (0–6 min) → 40/40/20 

(7–25 min)

Flow rate 0.3 mL/min

Detector ESI–MS SIM(-)

Temperature 60 ºC

https://www.shodexhplc.com/
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Recently, several “sartan” class drugs have been found to con-
tain nitrosamines, which can be carcinogenic at low levels. This 
has driven testing of active pharmaceutical ingredients (APIs) 
and drug products for low ppb level contamination when there 
is a risk of nitrosamine formation. GC analysis of nitrosamine 
impurities can be done using either headspace injection for the 
more volatile nitrosamines, or direct liquid injection, which is ef-
fective over a wider volatility range. While direct injection may be 
preferred due to its simplicity over headspace, it also introduces 
more matrix into the system. Because of the low detection levels 
and the potential for matrix interferences, triple quadruple mass 
spectrometric detection (GC–MS/MS) is usually recommended.

In this work, Pro EZGC chromatogram modeling software was 
used to first identify an analytical column and conditions for the 
optimized separation of 13 commonly analyzed nitrosamines. 

Then, method performance was confirmed in the laboratory. Use 
of the chromatogram modeling software greatly reduced method 
development time in the laboratory.

Experimental Conditions

Standard Preparation
A mixed nitrosamines calibration standard (1000 ppm) 
prepared in dichloromethane was further diluted in methanol to 
make the working standard solutions. Seven-point calibration 
curves covered a range of 1.25–120 ppb for most analytes and  
3.8–365 ppb for NMBA, which had much lower response than 
the other compounds. The response for N-nitrosodiethanolamine 
(NDELA) was so minimal that this compound was not tested 
further.

Analysis of Nitrosamine Impurities in Drugs by GC–MS/MS
Jana Hepner,  Restek Corporation
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Figure 1: Pro EZGC model chromatogram for nitrosamines analysis
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Chromatographic Method
Pro EZGC chromatogram modeling software was used to  
select an analytical column and identify method parameters 
that would optimize the nitrosamine separations prior to per-
forming laboratory work. The final chromatographic conditions 
generated by the Pro EZGC software are presented in Figure 1. 
Additional parameters used during confirmation testing in the 
laboratory are given in Figure 2. 

Results

Chromatographic Performance
Using Pro EZGC chromatogram modeling software, optimized 
column and condition recommendations were quickly established 
(Figure 1). Applying the modeled parameters in the laboratory, 
we confirmed that excellent separations were generated on an 
Rxi-624Sil MS column in a very short run time (less than 10 
min). Figure 2 shows the chromatographic separation for one 
of the calibration standards (120 ppb); good peak shapes and 
the predicted resolution from the model were obtained. Only 
standards were assessed in this work because the nature of 
API and drug matrices varies widely. For the actual analysis of 
nitrosamine impurities in drug samples, the impact of any matrix 
interferences would need to be assessed.

Calibration and Limits of Detection
Using linear regression, the target analytes showed acceptable 
linearity with R2 values of 0.996 and higher. For most of the 
compounds tested, the limits of detection were below 3 ppb, 
which is suitable for the analysis of nitrosamine impurities 
in drugs. NDELA and NMBA were notable exceptions; these 
compounds were not reportable due to low response and 
poor peak shape, respectively. While both compounds can be 
analyzed by LC, NDELA is problematic with that approach too.

Conclusion
Nitrosamine impurities in drugs can have negative health 
outcomes for patients, so new methods are needed to detect 
these emerging contaminants prior to batch release. In this 
work, an optimized method was developed using Pro EZGC 
chromatogram modeling software, which identified an Rxi-
624Sil MS column and analytical conditions that produced 
optimal separations. Confirmation testing in the laboratory 
demonstrated that the method provided excellent resolution 
and fast run times of less than 10 min. Linear responses  
(R2 > 0.996) and LODs in the low ppb range (below 3 ppb) were 
established for all analytes, except NMBA and NDELA. 

Instrument Conditions for Figure 2
Column Rxi-624Sil MS, 30 m, 0.25 mm ID, 1.4 µm (cat.# 13868); 
Sample nitrosamine calibration mix (cat.# 31898); N-nitrosodi-
methylamine-d6 (cat.# 33910); N-nitrosodiphenylamine (cat.# 
31429); N-nitroso-methylphenylamine; N-nitroso-diisopropyl-
amine; N-nitrosoethylisopropylamine; N-nitrosomorpholine; Di-
luent: Methanol; Inj. Vol.: 1 µL split (split ratio 10:1); Liner: Topaz 
4.0 mm ID straight inlet liner w/ wool (cat.# 23444); Inj. Temp.: 
280 °C; Oven Temp.: 40 °C (hold 0.5 min) to 320 °C at 30 °C/
min (hold 7 min); Carrier Gas: He, constant flow, 1.2 mL/min; 
Detector: MS, SIM mode; Transfer Line Temp.: 280 °C; Source 
Temp.: 325 °C; Instrument: Thermo Scientific TSQ 8000 Triple 
Quadrupole GC–MS; Notes: For N-nitroso-methylphenylamine 
(NMPA) and N-nitrosodiphenylamine (NDPHA), the nitroso 
groups are cleaved in the inlet to form methylaniline and phenyl-
benzeneamine, respectively.
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Figure 2: Laboratory-generated chromatogram for nitrosamines 
analysis
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More potent formats of monoclonal antibodies (mAbs), such as bispecific 
antibodies (bsAbs), are on the rise in the area of biotherapeutics. These 
bsAbs recognize two different epitopes. This dual specificity increases the 
potency of these molecules compared to mAbs and expands the range of 
possible applications. BsAbs can be used to redirect T cells to tumor cells, 
block two different signaling pathways simultaneously, dually target differ-
ent disease mediators, and deliver payloads to targeted sites. At this time, 
more than 50 bsAb products are currently undergoing clinical evaluation.

Characterization of bsAbs is essential to ensuring product safety 
and efficacy. Size-exclusion chromatography (SEC) coupled with mass 
spectrometry (MS) is increasingly being used to identify the accurate 
molecular mass of biomolecules, including bsAbs. SEC–MS, however, 
requires the use of mobile phases that do not contain high concentrations 
of non-volatile salts and the use of columns that do not exhibit particle 
shedding, which will interfere with the MS signal response.

In this application note, a bispecific T cell engager (BiTE®) consisting 
of two single-chain variable fragments (scFvs) recombinantly linked by a 
nonimmunogenic five-amino-acid chain (Figure 1) was analyzed by SEC–
MS using a TSKgel® UP-SW3000, 2 μm column.

Experimental HPLC Conditions
Column:  TSKgel UP-SW3000, 2 μm, 4.6 mm ID × 30 cm
HPLC Instrument:  Nexera® XR UHPLC system
MS Instrument:  Q Exactive™ Plus
Mobile phase:  20 mmol/L ammonium acetate,

10 mmol/L ammonium bicarbonate; pH 7.2
Gradient:  Isocratic
Flow rate:  0.35 mL/min
Detection:  UV @ 280 nm
Temperature:  30 °C
Injection vol.:  5.0 μL
Samples:  BiTE, 0.3 mg/mL (Creative Biolabs) parent mAb

shown, 0.5 mg/mL (Creative Biolabs)

Ionization mode:  Electrospray ionization, positive mode
MS mode:  Scanning, m/z 800-6000

*SEC–MS analysis was performed by the Wistar Proteomics and Metabolomics Facility

(Philadelphia, PA)

Results and Discussion
The ~55 kDa BiTE and ~150 kDa parent mAbs were subsequently 
injected onto a TSKgel UP-SW3000 column coupled to a Q Exactive 
Plus mass spectrometer for molar mass determination. Figure 2 shows 
the (a) total ion chromatogram, (b) mass spectrum and (c) deconvoluted 
mass spectrum of the BiTE. A main peak can be seen at m/z 54,143; 

SEC–MS Analysis of a Bispecific Antibody
 Tosoh Bioscience
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Figure 1: Formation of bispecific T cell engager (BiTE)
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BiTE was identified as 54.1 kDa via SEC–MS.
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adjacent peaks at m/z 54,181, 54,219 and 54,086 correspond to different  
salt adducts.

Figure 3 shows the (a) total ion chromatogram, (b) mass spectrum, 
and (c) deconvoluted mass spectrum of one of the parent mAbs. A main 
peak can be seen at m/z 149,264; adjacent peaks at m/z 149,426 and 
149,592 correspond to different glycoforms. Similar results (not shown) 
were reproduced for the other parent mAb.

These results demonstrate accurate molar mass determination for the 
BiTE and both parent mAbs utilizing a 20 mmol/L ammonium acetate, 
10 mmol/L ammonium bicarbonate (pH 7.2) mobile phase with SEC–MS 
compatibility.

Prior to analysis, a blank injection was run to assess column particle 
shedding. Figure 4a shows the total ion chromatogram of a blank injection 
that was run on a new TSKgel UP-SW3000 column. MS data indicate 
that there is no shedding from the TSKgel UP-SW3000 column prior to 
sample injection. Additionally, a blank injection was run between each 
of the sample injections in order to monitor sample carryover. Figure 4b 
shows the total ion chromatogram of a blank injection run between the 
BiTE and parent mAb. No evidence of carryover can be seen in the run 
after sample injection. The lack of shedding and carryover indicate that the 
TSKgel UP-SW3000 column is suitable for use with MS.

Conclusion
The TSKgel UP-SW3000, 2-μm SEC column can be used as a platform 
method for bispecific antibody accurate mass determination using SEC–
MS. An MS-compatible mobile phase under non-denaturing conditions 
was successfully used with the TSKgel UP-SW3000 column. No signs of 
particle shedding or sample carryover, which may interfere with MS signal 
response, were noted with the TSKgel UP-SW3000 column.

TSKgel and Tosoh Bioscience are registered trademarks of Tosoh Corporation.

BiTE is a registered trademark of Amgen Inc. Corporation.

Nexera is a registered trademark of Shimadzu Corporation.

Q Exactive is a trademark of Thermo Fisher Scientific Inc.

Tosoh Bioscience LLC
3604 Horizon Drive, Suite 100, King of Prussia, PA 19406

Tel. (484) 805-1219, fax (484) 805-1277
Website: www.tosohbioscience.com
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Figure 3: SEC–MS analysis of the parent mAb. Accurate molar mass 
of the parent mAb was identified as 149.3 kDa via SEC–MS.
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Figure 4. Column shedding and carryover analysis. No shedding or 
carryover was observed via MS total ion chromatogram.
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Large industrial scale farms use triazines to help increase the 
production of foods through the blocking of broad-leaf weeds. 
The inhibitors are primarily used on farms growing corn, sugar 
cane, palm oil, and citrus and, to a lesser degree, weed control 
in roadway applications. 

The primary mode of action for triazine herbicides in plants is 
through the binding of proteins involved in the electron transfer 
chain of the photosystem II pathway of photosynthesis.1 Triazine 
compounds block the water reduction pathway, which normally 
generates protons that are used in subsequent steps along the 
electronic cascade. With the plants’ proton pump deactivated, 
the gradual destruction of chloroplasts occurs, culminating in 
plant death.2, 3 

Triazines have been found as contaminants in waterways 
and drinking water supplies. Multiple studies have shown 
that triazines exhibit endocrine disruption in female and male 
reproduction in reptiles, rats, and humans.4

As such, drinking and waste water regulations involving triazine 
compounds are now employed. Structural similarities between 
the seven federally approved triazines adds to the dif� culty of 
identi� cation, isolation, and quanti� cation. Hamilton Company 
has achieved a separation using the 3 µm HxSil HPLC column. 
The column utilizes C18 moieties chemically bonded to silica 
as its primary mode of separation. The ample end-capping 
applied to the column helps to facilitate longer lifetimes while 
limiting free silanols. The Hamilton ODS column is a great 
choice when analyzing analytes that exhibit Lewis basicity 
and therefore contribute more extensively to acidic hydrogen 
bonding in the stationary phase. The separation of the seven 
triazines occurs within 15 minutes, with baseline resolution 
of all critical pairs.

Author: Adam L. Moore, PhD, Hamilton Company

Column Information
Packing Material HxSil C18, 3 µm

P/N 79641

Chromatographic Conditions

Gradient 0.0–15.00 min, 35–65% B 
Curve = 6

Temperature 45°C

Injection Volume 5 µL

Detection UV at 230 nm

Dimensions 150 x 4.6 mm

Eluent A 30 mM CH3COONH4 pH = 
6.78

Eluent B CH3CN

Flow Rate 1.5 mL/min

0

Analytes All at 10 µg/mL: 1: Simazine 2. Atrazine 3. Prometon
4. Ametryn 5. Propazine 6. Prometryn
7. Terbutryn

Time (minutes)
2 4 6 8 10 12 181614
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of Triazines on HxSil C18 Column
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