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a b s t r a c t
Breath analysis promises to be a noninvasive method for diagnosis of lung cancer in its early stages. Certain ketones and aldehydes in exhaled breath have been identiﬁed as indicators of lung cancer. We
report a preconcentration device or preconcentrator with thousands of micropillars fabricated from
a silicon wafer that have been engineered to selectively trap trace gaseous ketones and aldehydes in
exhaled breath. The micropillar surfaces were functionalized with a quaternary ammonium aminooxy
salt, 2-(aminooxy)ethyl-N,N,N-trimethylammonium iodide (ATM), for capturing trace carbonyl compounds ﬂowing through the preconcentrator by means of an oximation reaction. The unreacted ATM
and reacted ATM adducts were eluted out of the preconcentrator with methanol and were directly analyzed by Fourier transform-ion cyclotron resonance mass spectrometry (FTICR-MS). The preconcentration
results indicate that the capture percentages of acetone depend on the molar ratio of ATM/acetone. The
analysis of exhaled breath demonstrates that the preconcentrator is suitable for quantitative analysis of
ketones and aldehydes in exhaled breath.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction
The analysis of human exhaled breath has attracted much attention because of its potentially wide applications in health diagnosis,
metabolite bioinformatics, and drug discovery [1–4]. Lung cancer continues to be a leading cause of mortality among all cancer
patients in the world. The crucial factor in the fatality rate of lung
cancer is the lack of early detection method, a major key for improving survival rates of lung cancer and other cancer patients alike [5].
Some volatile organic compounds (VOCs) in exhaled breath have
been found to be related to metabolic output of lung cancer [1,2].
The analysis of VOCs in exhaled breath could be used for developing a noninvasive and inexpensive diagnostic method for detection
of lung cancer in its early stages [6–11]. Since there are hundreds
of trace VOCs mixed in exhaled breath, a preconcentration process is generally required to concentrate VOCs before they can be
analyzed by most current analytical instruments [1–4]. There are
several preconcentration methods including physical adsorption
using carbon-based adsorbents [12–15], solid-phase microextraction (SPME) [6,16,17] and polymers [18–21]. Gas chromatography
(GC) coupled with a mass spectrometer (MS) is widely used for
analysis of VOCs in breath as indicated in recent review papers
[1–4]. Other techniques including proton transfer reaction mass
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spectrometry (PTR-MS) [22–24] and selected ion ﬂow tube mass
spectrometry (SIFT-MS) [25–28]; electronic nose [29–32] and differential mobility spectrometer [33–35] are also used for analysis
of VOCs in exhaled breath.
In recent years, several studies indicate that certain ketones
and aldehydes in exhaled breath could be used as metabolic markers of lung cancer for noninvasive diagnosis of lung cancer [6–11].
Volatile carbonyl compounds are invariably produced in biochemical pathways as intermediates due to their reactive nature. Some
of these compounds are unique to a given metabolic pathway.
Ketones and aldehydes in exhaled breath can be detected by PTRMS [22–24] and SIFT-MS [25–28] without any preconcentration
process. The challenge for PTR-MS and SIFT-MS is to identify compounds with certainty since several compounds may overlap on
a particular mass-to-charge ratio [6]. Solid phase microextraction
(SPME) with adsorbed O-2,3,4,5,6-(pentaﬂuorobenzyl) hydroxylamine hydrochloride (PFBHA) has been used for analysis of
aldehydes in exhaled breath [9,10]. SPME is a popular preconcentration method introduced a decade ago as a rapid extraction
technique for analysis of volatile compounds from a variety of
matrices [36,37]. Preconcentrators fabricated on silicon wafers
using microelectromechanical system (MEMS) technology typically consist of a microhotplate and an adsorbent placed adjacent
to the heating element [19,20,38–41]. Physical adsorption for preconcentration of trace VOCs and thermal desorption to release the
adsorbed VOCs procedures are commonly used for MEMS preconcentrators. MEMS-based preconcentrators have low physical
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adsorption efﬁciency and poor selectivity issues [38]. Currently,
there is no established protocol for analysis of ketones and aldehydes in exhaled breath. Development of such a protocol may lead
to a simple noninvasive method for early lung cancer detection.
In this paper, we report a fabricated preconcentrator with
custom-engineered surface functionality for preconcentrating
ketones and aldehydes in exhaled breath as cationic derivatives
through oximation reaction instead of physical adsorption. The
custom-engineered surface functionality was realized by adsorbing
quaternary ammonium aminooxy salt, 2-(aminooxy)ethyl-N,N,Ntrimethylammonium iodide (ATM), on the surfaces of micropillars
in the preconcentrator. The entire trapped analytes can be eluted
by ﬂowing methanol through the preconcentrator instead of using
thermal desorption and directly analyzed by Fourier-transform
ion cyclotron resonance mass spectrometry (FTICR-MS). Furthermore, the cationic derivatives enhance the sensitivity of FTICR-MS.
Although FTICR-MS is used for analysis of VOCs with better resolution in this work, other mass spectrometry methods can also be
used.
2. Materials and methods
2.1. Materials
All reagents and solvents, including deuterated acetone
(acetone-d6 ) (99.9%), acetone (99%), 3-pentanone (99%), n-hexanal
(98%), n-octanal (99%) and methanol (99.9%) were purchased
from Sigma–Aldrich. The aminooxy-based reactive coating, 2(aminooxy)ethyl-N,N,N-trimethylammonium iodide (ATM) was
synthesized according to a published method [42].
2.2. Design and fabrication of preconcentrators
The computational ﬂuid dynamics (CFD) modulus of CoventorWare package was used to simulate gas ﬂow in the preconcentrator
and guide the design of the preconcentrator structure in order to
achieve uniform gas ﬂow distribution in the preconcentrator. For
all simulations, the gas inlet pressure was set to 25 psi and the
gas ﬂow rate was varied in a range from 1 ml/min to 5 ml/min.
A combination of the inlet and outlet structures, micropillar size
and array pattern, and distances among micropillars were simulated using the CoventorWare software. Fig. 1 shows an optimized
2D structure of the preconcentrator with square micropillars in the
channel. The simulated preconcentrator dimensions were scaled
down accordingly in order to save computer memory and accelerate the simulation process. The preconcentrator was designed with
more than ﬁve thousand micropillars in the ﬂow channel in order
to provide a larger surface area and to uniformly distribute gas ﬂow

Fig. 1. CFD simulation of a preconcentration device with micropillars in the channel.
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Fig. 2. CFD simulated ﬂow pattern in the center area of the preconcentrator.

so that trace gas molecules have higher probability to collide with
the aminooxy group of ATM molecules on the micropillar surfaces
for oximation reaction. The CFD simulation results indicate that the
inlet angle affects the ﬂow pattern and ﬂow velocity near the inlet.
For the preconcentrator with a triangular shape inlet and outlet and
the micropillar array pattern as shown in Fig. 1, a uniform gas ﬂow
velocity distribution is achieved when the inlet and outlet triangular angles (2) are smaller than 120◦ . Fig. 2 shows an enlarged
ﬂow pattern in the middle section of the preconcentrator. The gas
ﬂow velocity near the surfaces of micropillars is smaller than that in
the centers between two micropillars in cross-sectional lines. Gas
ﬂow velocity distribution is uniform in the cross-sectional areas.
The preconcentrators with optimized structure were fabricated and
tested for preconcentration of carbonyl compounds. The fabrication procedures are commonly used for microelectromechanical
systems (MEMS) device fabrication [38–41]. Fig. 3 shows the fabrication process ﬂow. The whole fabrication process requires only
one photo mask which makes fabrication simple. Starting from
Fig. 3a, the surface of the silicon wafer is thermally oxidized to form
a 0.5 m SiO2 thin ﬁlm. Then, a positive photo resist Microposit
S1813 is coated on the wafer. After photolithography, the thermal
oxide in the preconcentrator area is patterned as deep reactive ion
etching (DRIE) mask by wet etching in a buffered oxide etching

Fig. 3. Fabrication process ﬂow in cross-sectional view.
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Fig. 4. Schematic illustration of the oximation reaction of ATM with ketones and
aldehydes, ATM ions adsorbed on the silicon dioxide surfaces of the micropillars.

the He ﬂow stream was varied. After preconcentration, unreacted
ATM and reacted ATM adducts were eluted out of the preconcentrator. Then, a 5 l solution containing 1.14 × 10−8 mole acetone-d6
and 1.17 × 10−7 mole ATM in methanol was added into each eluted
methanol solution as the internal reference for FTICR-MS analysis.
The reason for high ATM/acetone-d6 molar ratio is to ensure complete reaction of acetone-d6 as the internal reference. The amount
of captured ketones and aldehydes was determined by comparing
the signal abundance of ATM–acetone-d6 with that of ATM–ketone
and ATM–aldehyde adducts of FTICR-MS spectra.
2.4. FTICR-MS instrumentation

Fig. 5. Schematic diagram of the preconcentration setup.

solution (BOE) as shown in Fig. 3b. The micropillars in the preconcentrator channel are deﬁned by DRIE using a STS silicon DRIE
machine (Fig. 3c). Next, the wafer is oxidized to form a 50 nm SiO2
layer on the micropillar surfaces in a “wet” O2 and H2 O atmosphere
in a thermal oxidation furnace. Then, the wafer is sealed by anodic
bonding with a glass wafer (Fig. 3d). Subsequently, the wafer is
diced and the connection ports are opened. The surface coating of
the micropillars using ATM ions was done by injecting a known
amount of synthesized ATM-iodide salt in methanol into the preconcentrator channel through one connection port, followed by
evaporation of methanol in a vacuum oven. The slightly negative
charge of silicon oxide on the micropillars enforces the close association of ATM with the surfaces of the micropillars. Fig. 4 shows
the schematic illustration of ATM adsorbed on micropillar and oximation reaction with carbonyl compounds. Finally, the inlet and
outlet of the preconcentrator were connected with 190 m O.D.,
100 m I.D. deactivated fused silica tubes using a silica-based bonding agent.
2.3. Preconcentration of carbonyl compounds
The fabricated preconcentrators were characterized by preconcentration of trace ketones and aldehydes in a carrier gas, helium
(He), using the setup shown in Fig. 5. A preconcentrator is connected to an ultra high purity He gas cylinder by the attached fused
silica tubes, septa and stainless steel tube. A mechanical needlevalve made by the Hoke Company is used to adjust the He ﬂow rate,
while a ﬂow meter is used to measure the He ﬂow rate. There is no
detectable leakage of He in the setup veriﬁed by a He gas leakage
detector. After the He ﬂow rate is stabilized and the setup is ﬂushed
for at least 10 min, a known amount of acetone-d6 or ketone and
aldehyde mixture diluted in methanol is injected into the vial with
He ﬂowing through the preconcentrator as shown in Fig. 5. After
ﬂowing 20 min, the ﬂow is stopped. The ﬂow rate and ﬂow time
are recorded after the injection of ketone and aldehyde. Then the
preconcentrator is disconnected from the setup. The reacted ATM
adduct and unreacted ATM are eluted out of the preconcentrator
by ﬂowing methanol from one slightly pressurized vial through the
preconcentrator, then into an empty collecting sample vial. The collected solutions were directly used for FTICR-MS analysis without
any further process.
To study the effect of ATM/acetone molar ratios on the capture
efﬁciency, a constant amount of 3.65 × 10−7 mole ATM was loaded
into each preconcentrator, while the amount of acetone added to

The samples of eluted methanol solutions were analyzed on a
hybrid linear ion trap–FTICR-MS (Finnigan LTQ FT, Thermo Electron, Bremen, Germany) equipped with a TriVersa NanoMate ion
source (Advion BioSciences, Ithaca, NY) with an electrospray chip
(nozzle inner diameter 5.5 m). The TriVersa NanoMate was operated in positive ion mode by applying 2.0 kV with no head pressure.
Initially, low resolution MS scans were acquired for 1 min to ensure
the stability of ionization, after which high mass accuracy data were
collected using the FTICR analyzer where MS scans were acquired
for 8.5 min and at the target mass resolution of 100,000 at 800 m/z.
Mass spectra were exported as exact mass lists into a spreadsheet
ﬁle using QualBrowser 2.0 (Thermo Electron), typically exporting
all of the observed peaks. ATM and ATM derivative species were
assigned based on their accurate mass by ﬁrst applying a small (typically <0.0005) linear correction based on the observed mass of the
internal standard. Detailed FTICR-MS information can be found in
a published paper [43].
3. Results and discussion
The fabrication processes are commonly used in MEMS device
fabrication. Fig. 6a shows an optical micrograph of the fabricated
preconcentrator. The preconcentrator has a micropillar array area
of 7 mm × 5 mm. The total empty space volume in the preconcentrator is about 5 l. Fig. 6b shows a SEM micrograph of the micropillars. The micropillars have high-aspect-ratio with dimensions of
50 m × 50 m × 250 m. The distances from center to center of
the micropillars are 150 m. There are more than ﬁve thousand
square micropillars within the microreactor corresponding to a
total micropillar surface area of about 260 mm2 . ATM molecules
adsorbed on the surfaces of the micropillars react with carbonyl
compounds through an oximation reaction as shown in Fig. 4.
The preconcentration setup as shown in Fig. 5 was tested
by preconcentration of added trace acetone-d6 in He ﬂowing
through the preconcentrator. Acetone-d6 was used to distinguish any trace carbonyl compound contamination from ambient
air. 3.65 × 10−7 mole to 3.65 × 10−11 mole of acetone-d6 in 10 l
methanol was injected into the vial as shown in Fig. 5 and evaporated into He. The ﬂow rate of He was adjusted to 5 ml/min and
the ﬂow time was 20–30 min. The ﬂow time was recorded immediately after injection of acetone-d6 . For even the lowest amount
(3.65 × 10−11 mole) of added acetone-d6 in the He, acetone-d6 was
trapped and detected by FTICR-MS. More than 98% loaded reacted
and unreacted ATM was eluted with 10 l methanol [44]. Trace acetone contamination from ambient air was also detected. The loaded
3.65 × 10−7 mole of ATM was eluted out of the microreactor with
about 40 l methanol.
A series of experiments for preconcentrating acetone at different ATM/acetone molar ratios was performed to study the effect of
ATM/acetone ratio on the capture percentages of acetone. In this
series of experiments, 3.65 × 10−7 mole to 3.65 × 10−11 mole acetone in 10 l methanol was added into the He ﬂowing through
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Fig. 6. (a) Optical micrograph of a fabricated preconcentrator and (b) SEM micrograph of the micropillars.

Fig. 7. FTICR-MS spectrum of preconcentrated acetone and ATM–acetone-d6 was added to the eluted solution as the internal reference.

100%
90%

Capture Percentage

the preconcentrator for preconcentration of the added acetone.
A known amount of acetone-d6 completely reacted with ATM in
methanol was added into each eluted solution as the internal reference for FTICR-MS analysis. Fig. 7 shows a typical FTICR-MS
spectrum of an eluted ATM adduct solution. The spectral region
depicts the oximation product of ATM with acetone-d6 (165.18686
ion) as the internal reference. Fig. 7 also shows the captured
acetone reacted with ATM (159.14908). The amount of captured
acetone can be determined by comparing the relative abundance of
ATM–acetone-d6 with that of ATM–acetone. The capture percentage of acetone was calculated by dividing the captured amount of
acetone by the added amount of acetone. Fig. 8 shows the capture percentage of acetone by the preconcentrator. The capture
efﬁciency is affected by the ATM to acetone molar ratio. At the
ATM/acetone molar ratio of 1:1, about 83% of acetone ﬂowing
through the preconcentrator can be captured. As the ATM/acetone
molar ratio increased to larger than 5:1, the capture efﬁciency
achieves 99% under the same operation condition. This result indicates that the designed preconcentrator based on the simulation
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Fig. 8. The relationship between capture percentage of acetone and the
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Fig. 9. FTICR-MS spectrum of preconcentrated carbonyl compound by the preconcentrator.

provides uniform gas ﬂow distribution and high probability for
ketones and aldehydes to react with ATM. Since ketone and aldehyde in exhaled breath are in trace level normally from ppbv to
pptv range [9–11], it is easy to achieve an ATM/ketone or aldehyde
molar ratio higher than 10:1 by increasing ATM load in the preconcentrators in order to obtain 99% capture efﬁciency. For the lowest
amount of acetone (3.65 × 10−11 mole) evaporated in the He ﬂow
stream at a ﬂow rate of 5 ml/min for 20 min, the equivalent concentration is 3.65 × 10−10 mol/L (∼8.9 ppbv). The FTICR-MS signal of
ATM–acetone adduct for the sample of 3.65 × 10−11 mole acetone
was still very strong. The reported ketone and aldehyde concentrations in exhaled breath of healthy human beings are in ppbv to
pptv range [9–11,44–46]. Therefore, this method is well suitable
for preconcentration and analysis of exhaled breath.
In order to characterize the capture efﬁciencies for individual carbonyl compound in gas mixtures, a solution containing

3.65 × 10−8 mole of acetone-d6 , 3-pentanone, n-hexanal and
n-octanal in methanol was injected into the vial with He ﬂowing through the preconcentrator as shown in Fig. 5. 15 l of
3.65 × 10−7 mole of ATM–iodide in methanol solution was
injected into the preconcentrator to functionalize the surfaces of the micropillars for preconcentration of ketones and
aldehydes. Fig. 9 shows a FTICR-MS spectrum of the preconcentrated ketones and aldehydes. The preconcentrator successfully
captured all aldehydes and ketones. The capture efﬁciency of
acetone-d6 is higher than that of 3-pentanone, while the capture
efﬁciency of n-hexanal is higher than that of n-octanal. This
result may indicate the reactivity difference between ketones
and aldehydes with different alkyl chains due to increased
steric hindrance in oximation reaction. Therefore, the reactivity of ATM with ketones and aldehydes affects the capture
efﬁciency.

Fig. 10. FTICR-MS spectrum of exhaled breath preconcentrated by the preconcentrator.
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We have tested the preconcentrator for preconcentrating
ketones and aldehydes in exhaled breath [44]. The collection of
exhaled breath samples was approved by Internal Review Board
(IRB). Tedlar’s bags with 1 Liter size were used to collect mixed
alveolar breath. The breath gas in the Tedlar’s bag directly ﬂew
through the preconcentrators by applied vacuum using an oil free
diagram vacuum pump. Fig. 10 shows a typical FTICR-MS spectrum
of exhaled breath samples. Ketones and aldehydes with alkyl chains
from C1 to C12 were detected. The preliminary results indicated
that by using acetone-d6 reacted with ATM as the internal reference, the concentrations of all detected ketones and aldehydes
in exhaled breath were determined [44]. This result demonstrates
the preconcentrator is suitable for preconcentration of carbonyl
compounds in exhaled breath. Future work on the relationship
between ATM reactivity the capture efﬁciency and identiﬁcation of
the captured carbonyl compounds in exhaled breath is required for
quantitative analysis of ketones and aldehydes in exhaled breath.
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[15]

4. Conclusions
The results of this work show that the silicon-based preconcentrator can capture trace acetone with an efﬁciency of 99% or higher.
The unique microstructure of the preconcentrator provide uniform
gas ﬂow and good oximation reaction probability between ATM on
the surfaces of micropillars and gaseous carbonyl compounds. The
oximation reaction between the functional cationic aminooxy compounds coated on the surfaces of micropillars and gaseous carbonyl
species is the key for the selective capture of ketones and aldehydes.
The unique combination of aminooxy and quaternary ammonium
groups also enables direct positive mode analysis by mass spectrometry, such as demonstrated here using FTICR-MS. Furthermore,
the preconcentration efﬁciency is improved by avoiding the current
practices of physical adsorption and thermal desorption for analyte detection. The use of solvent elution is effective for recovery
of more than 98% of the oxime ether adducts. The combination of
preconcentrator design and cationic aminooxy chemistry make the
present preconcentrator approach attractive for analysis of ketones
and aldehydes in exhaled breath.
Acknowledgments
We gratefully acknowledge the University of Louisville for ﬁnancial support of this research through the Clinical and Translational
Science Pilot Grant Program (CTSPGP-20035). The authors thank
the support of the CREAM Mass Spectrometry Facility initially
funded by NSF/EPSCoR grant # EPS-0447479), Profs. T. Fan and A.N.
Lane, PIs. The authors also wish to thank Profs. T. Fan, A.N. Lane,
and M. Bousamra, M.D. for discussions.

[16]

[17]

[18]

[19]

[20]
[21]
[22]

[23]

[24]

[25]

[26]

[27]

References
[28]
[1] A. Amann, M. Corradi, P. Mazzone, A. Mutti, Lung cancer biomarkers in exhaled
breath, Expert Review of Molecular Diagnostics 11 (2011) 201–217.
[2] I. Horvath, Z. Lazar, N. Gyulai, M. Kollai, G. Losonczy, Exhaled biomarkers in
lung cancer, European Respiratory Journal 34 (2009) 261–275.
[3] W.Q. Cao, Y.X. Duan, Current status of methods and techniques for breath
analysis, Critical Reviews Analytical Chemistry 37 (2007) 3–13.
[4] A. Amann, P. Spanel, D. Smith, Breath analysis: the approach towards clinical
applications, Mini Reviews in Medicinal Chemistry 7 (2007) 115–129.
[5] P. Campbell, Early warnings, Nature 458 (2009) 679.
[6] A. Bajtarevic, C. Ager, M. Pienz, M. Klieber, K. Schwarz, M. Ligor, T. Ligor, W.
Filipiak, H. Denz, M. Fiegl, W. Hilbe, W. Weiss, P. Lukas, H. Jamnig, M. Hackl, A.
Haidenberger, B. Buszewski, W. Miekisch, J. Schubert, A. Amann, Noninvasive
detection of lung cancer by analysis of exhaled breath, BMC Cancer 9 (2009)
348–363.
[7] M. Phillips, N. Altorki, J.H.M. Austin, R.B. Cameron, R.N. Cataneo, R. Kloss, J. Wai,
Detection of lung cancer using weighted digital analysis of breath biomarkers,
Clinica Chimica Acta 393 (2008) 76–84.
[8] M. Phillips, N. Altorki, J.H.M. Austin, R.B. Cameron, R.N. Cataneo, J. Greenberg,
R. Kloss, R.A. Maxﬁeld, M.I. Munawar, H.I. Pass, A. Rashid, W.N. Rom, P. Schmitt,

[29]

[30]

[31]

[32]

[33]

135

Prediction of lung cancer using volatile biomarkers in breath, Cancer Biomarkers 3 (2007) 95–109.
P. Fuchs, C. Loeseken, J.K. Schubert, W. Miekisch, Breath gas aldehydes
as biomarkers of lung cancer, International Journal of Cancer 126 (2010)
2663–2670.
D. Poli, M. Goldoni, M. Corradi, O. Acampa, P. Carbognani, E. Internullo, A.
Casalini, A. Mutti, Determination of aldehydes in exhaled breath of patients
with lung cancer by means of on-ﬁber-derivatisation SPME-GC/MS, Journal of
Chromatography B 878 (2010) 2643–2651.
C.H. Deng, X.M. Zhang, N. Li, Investigation of volatile biomarkers in
lung cancer blood using solid-phase microextraction and capillary gas
chromatography–mass spectrometry, Journal of Chromatography B-Analytical
Technologies in the Biomedical and Life Sciences 808 (2004) 269–277.
M. Phillips, Method for the collection and assay of volatile organic compounds
in breath, Analytical Biochemistry 247 (1997) 272–278.
M. Phillips, J. Herrera, S. Krishnan, M. Zain, J. Greenberg, R.N. Cataneo, Variation in volatile organic compounds in the breath of normal humans, Journal of
Chromatography B: Biomedical Sciences and Applications 729 (1999) 75–88.
I. Ueta, Y. Saito, M. Hosoe, M. Okamoto, H. Ohkita, S. Shirai, H. Tamura, K.
Jinno, Breath acetone analysis with miniaturized sample preparation device:
in-needle preconcentration and subsequent determination by GC–MS, Journal
of Chromatography B 877 (2009) 2551–2556.
J.J.B.N. van Berkel, J.W. Dallinga, G.M. M’oller, R.W.L. Godschalk, E. Moonena,
E.F.M. Wouters, F.J. Van Schooten, Development of accurate classiﬁcation
method based on the analysis of volatile organic compounds from human
exhaled air, Journal of Chromatography B 861 (2008) 101–107.
M. Ligor, T. Ligor, A. Bajtarevic, C. Ager, M. Pienz, M. Klieber, H. Denz, M. Fiegl,
W. Hilbe, W. Weiss, P. Lukas, H. Jamnig, M. Hackl, W. Miekisch, J. Schubert,
A. Amann, Determination of volatile organic compounds in exhaled breath
of patients with lung cancer using solid phase microextraction and gas chromatography mass spectrometry, Clinical Chemistry and Laboratory Medicine
47 (2009) 550–560.
T. Ligor, M. Ligor, A. Amann, C.B. Ager, M. Pienz, A. Dzien, B. Buszewski, The
analysis of healthy volunteers exhaled breath by the use of solid phase microextraction and GC–MS, Journal of Breath Research 2 (2008) 046006.
N. Strand, A. Bhushan, M. Schivo, N.J. Kenyon, C.E. Davis, Chemically polymerized polypyrrole for on-chip concentration of volatile breath metabolites,
Sensors and Actuators B-Chemical 143 (2010) 516–523.
B. Alfeeli, D. Cho, M. Ashraf-Khorassani, L.T. Taylor, M. Agah, MEMS-based
multi-inlet/outlet preconcentrator coated by inkjet printing of polymer adsorbents, Sensors and Actuators B-Chemical 133 (2008) 24–32.
B. Alfeeli, M. Agah, MEMS-based selective preconcentration of trace level breath
analytes, IEEE Sensors Journal 9 (2009) 1068–1075.
J.C. Wu, J. Pawliszyn, Preparation and applications of polypyrrole ﬁlms in solid
phase microextraction, Journal of Chromatography B 909 (2001) 37–52.
A. Wehinger, A. Schmid, S. Mechtcheriakov, M. Ledochowski, C. Grabmer, G.A.
Gastl, A. Amann, Lung cancer detection by proton transfer reaction massspectrometric analysis of human breath gas, International Journal of Mass
Spectrometry 265 (2007) 49–59.
K. Schwarz, W. Filipiak, A. Amann, Determining concentration patterns of
volatile compounds in exhaled breath by PTR-MS, Journal of Breath Research 3
(2009) 027002–027016.
U. Riess, U. Tegtbur, C. Fauck, F. Fuhrmann, D. Markewitz, T. Salthammer, Experimental setup and analytical methods for the non-invasive determination of
volatile organic compounds, formaldehyde and NOx in exhaled human breath,
Analytica Chimica Acta 669 (2010) 53–62.
A. Pysanenko, T. Wang, P. Spanel, D. Smith, Acetone, butanone, pentanone, hexanone and heptanone in the headspace of aqueous solution and urine studied
by selected ion ﬂow tube mass spectrometry, Rapid Communication in Mass
Spectrometry 23 (2009) 1097–1104.
P. Cap, K. Dryahina, F. Pehal, P. Spanel, Selected ion ﬂow tube mass spectrometry of exhaled breath condensate headspace, Rapid Communication in Mass
Spectrometry 22 (2008) 2844–2850.
C. Turner, P. Spanel, D. Smith, A longitudinal study of ethanol and acetaldehyde
in the exhaled breath of healthy volunteers using selected-ion ﬂow-tube mass
spectrometry, Rapid Communication in Mass Spectrometry 20 (2006) 61–68.
P. Spanel, D. Smith, Progress in SIFT-MS: breath analysis and other applications,
Mass Spectrometry Reviews 30 (2011) 236–267.
G. Peng, M. Hakim, Y.Y. Broza, S. Billan, R. Abdah-Bortnyak, A. Kuten, A. Tisch, H.
Haick, Detection of lung, breast, colorectal, and prostate cancers from exhaled
breath using a single array of nanosensors, British Journal of Cancer 103 (2010)
542–551.
P.J. Mazzone, Analysis of volatile organic compounds in the exhaled breath
for the diagnosis of lung cancer, Journal of Thoracic Oncology 3 (2008)
774–780.
J.E. Szulejko, M. McCulloch, J. Jackson, D.L. McKee, J.C. Walker, T. Solouki, Evidence for cancer biomarkers in exhaled breath, IEEE Sensors Journal 10 (2010)
185–209.
S. Dragonieri, J.T. Annema, R. Schot, M.P. van der Schee, A. Spanevello, P. Carratu, O. Resta, K.F. Rabe, P.J. Sterk, An electronic nose in the discrimination
of patients with non-small cell lung cancer and COPD, Lung Cancer 64 (2009)
166–170.
C.E. Davis, M.J. Bogan, S. Sankaran, M.A. Molina, B.R. Loyola, W. Zhao, W.H. Benner, M. Schivo, G.R. Farquar, N.J. Kenyon, M. Frank, Volatile and non-volatile
analysis of biomarkers in human breath using differential mobility spectrometry, IEEE Sensors Journal 10 (1) (2010) 114–122.

136

M. Li et al. / Sensors and Actuators B 180 (2013) 130–136

[34] M. Molina, W. Zhao, S. Sankaran, M. Schivo, N.J. Kenyon, C.E. Davis, Designof-experiment optimization of exhaled breath condensate analysis using a
miniature differential mobility spectrometer (DMS), Analytica Chimica Acta
628 (2008) 155–161.
[35] S. Sankaran, B. Loyola, W. Zhao, J.T. Morgan, M. Molina, M. Schivo, N.J. Kenyon,
C.E. Davis, Micromachined differential mobility spectrometers for breath analysis, IEEE Sensors 1 (2007) 16–19.
[36] C.L. Arthur, J. Pawliszyn, Solid-phase microextraction with thermal-desorption
using fused-silica optical ﬁbers, Analytical Chemistry 62 (1990) 2145–2148.
[37] J. Pawliszyn, Solid-phase Microextraction: Theory and Practice, Wiley-VCH,
New York, 1997.
[38] I. Voiculescu, M. Zaghloul, N. Harasimhan, Microfabricated chemical preconcentrators for gas-phase microanalytical detection systems, Trends in
Analytical Chemistry 27 (2008) 327–343.
[39] P.R. Lewis, R.P. Manginell, D.R. Adkins, R.J. Koenstee, G.C. Frye-Mason, Recent
advancements in the gas-phase MicroChemLab, IEEE Sensor Journal 6 (2006)
784–794.
[40] W.C. Tian, H.K. Chan, C.J. Lu, S.W. Pang, E.T. Zellers, Multiple-stage microfabricated preconcentrator-focuser for micro gas chromatograph system, Journal of
Microelectromechanical Systems 14 (2005) 498–506.
[41] C. Pijolat, M. Camara, J. Courbat, J.P. Viricelle, D. Briand, N.F. de Rooij, Application of carbon nano-powders for a gas micro-preconcentrator, Sensors and
Actuators B-Chemical 127 (2007) 179–185.
[42] S. Biswas, X. Huang, W. Badger, M.H. Nantz, Nucleophilic cationization reagents,
Tetrahedron Letters 51 (2010) 1727–1729.
[43] A.N. Lane, T.W.M. Fan, Z. Xie, H. Moseley, R.M. Higashi, Isotopomer analysis of
lipid biosynthesis by high resolution mass spectrometry and NMR, Analytica
Chimica Acta 651 (2009) 201–208.
[44] M. Li, S. Biswas, M.H. Nantz, R.M. Higashi, X.A. Fu, A novel microreactor
approach for analysis of ketones and aldehydes in breath, Analyst 136 (2011)
4662–4666.
[45] C. Deng, J. Zhang, X. Yu, W. Zhang, X. Zhang, Determination of acetone in human
breath by gas chromatography–mass spectrometry and solid-phase microextraction with on-ﬁber derivatization, Journal of Chromatography B (810) (2004)
269–275.
[46] W. Ma, X. Liu, J. Pawliszyn, Analysis of human breath with micro extraction
techniques and continuous monitoring of carbon dioxide concentration, Analytical Bioanalytical Chemistry 385 (2006) 1398–1408.

Biographies
Mingxiao Li received his BS degree from Tsinghua University in PR China in July
2007. Currently he is a PhD student in the Department of Chemical Engineering at
the University of Louisville.
Souvik Biswas is a graduate student researcher in the Department of Chemistry at
the University of Louisville. His research is mainly focused on nanoparticle mediated
drug delivery. He received his MSc degree in Chemistry in 2005 from the Department
of Chemistry, University of Delhi, India. He received his BSc degree in Chemistry
(Honors) in 2002 from the University of Calcutta, Kolkata, India.
Michael H. Nantz is a Professor in the Department of Chemistry at the University
of Louisville. He directs a research group of graduate students focused primarily
on the synthesis and application of cationic materials for polynucleotide and small
molecule delivery. His areas of expertise include lipid and aminooxy chemistry.
Professor Nantz is the author of three textbooks on organic synthesis, 12 US patents,
and more than 100 peer-reviewed publications.
Richard M. Higashi is a Professor in the Department of Chemistry at the University of Louisville. His analytical biochemistry research is currently comprised
of cancer metabolism, neurological disease biochemistry, environmental biochemistry/chemistry, and biodefense subjects. As the Director of Mass Spectrometry at
the Center for Regulatory and Environmental Analytical Metabolomics (CREAM),
he is responsible for mass spectrometry development, utilizing all of the CREAM
instruments. Prior to his appointment at University of Louisville, his laboratory at
Univ. of California-Davis has worked on aspects of second-hand smoke biochemistry, biogeochemistry of pollutants and natural products, volatile organic proﬁling
of biogenic sources of ozone precursors, trace element volatilization and biogeochemistry.
Xiao-An Fu is an Assistant Professor in the Department of Chemical Engineering at
the University of Louisville. His research program focuses on microfabricated chemical and biological sensors. He received his PhD degrees in Chemical Engineering from
Case Western Reserve University. He was a key researcher for SiC MEMS sensors and
SiC JFET-based integrated circuits for harsh environment projects funded by DARPA
in Professor Mehran Mehregany’s group in the Department of Electrical Engineering
at Case Western Reserve University.

