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Abstract

Analytical instruments that can measure small amounts of chemicals in complicated biological
samples are often useful as diagnostic tools. However, it can be challenging to optimize these sensors
using actual clinical samples, given the heterogeneous background and composition of the test
materials. Here we use gas chromatography differential mobility spectrometry (GC/DMS) to analyze
the chemical content of human exhaled breath condensate (EBC). Ultimately, this system can used
for non-invasive disease diagnostics. Many parameters can be adjusted within this instrument system,
and we implemented a factorial design-of-experiments to systematically test several combinations
of parameter settings while concurrently analyzing effects and interactions.

We examined four parameters that affect sensitivity and detection for our instrument, requiring a
24 factorial design. We optimized sensor function using EBC samples spiked with acetone, a known
clinical biomarker in breath. Two outputs were recorded for each experiment combination: number
of chemicals detected, and the amplitude of acetone signal. Our goal is to find the best parameter
combination that yields the highest acetone peak while also preserving the largest number of other
chemical peaks in the spectra. By optimizing the system, we can conduct further clinical experiments
with our sensor more efficiently and accurately.
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INTRODUCTION

More than 1000 trace volatile organic compounds (VOC’s) have been detected in human breath
[1-6]. Because of this, breath analysis provides a wide range of opportunities for diagnosis of
diseases and other clinical concerns, and this method for testing is favorable due to the fact

*Correspondence: Cristina E. Davis, Ph.D., Assistant Professor, Mechanical and Aeronautical Engineering, One Shields Avenue,
University of California, Davis, Davis, CA 95616, cedavis@ucdavis.edu, TEL (530) 754-9004, FAX (530) 752-4158.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Molina et al.

Page 2

that it is both inexpensive and non-invasive [1,7,8]. In the case of assessing chronic obstructive
pulmonary disease (COPD), breath analysis is useful for its suitability in longitudinal studies
as well as its possible ability to monitor responses to inflammatory therapy [7,8]. Combined
with glucose analysis, investigating acetone content in breath has proved useful in
differentiating between non-diabetic and diabetic patients [9]. Analysis of exhaled breath
condensate has also been used to detect markers of airway inflammation in patients with
primary ciliary dyskinesia (PCD) [10]. In a different disease system, Mazzone, et al. found a
pattern of VOC’s in exhaled breath of patients with lung cancer to be unique from control non-
diseased patients. They were able to predict the presence of lung cancer with a sensitivity of
73.3% and a specificity of 72.4% [11].

Analysis of breath condensate can be carried out through the use of a gas chromatograph / mass
spectrometer (GC/MS) or other sensitive chemical analysis instruments. A smaller and less
expensive, yet highly sensitive, alternative is the miniature differential mobility spectrometer
(DMS). It has been demonstrated that this device has the potential to detect both potential
biological and chemical warfare agents [12,13]. Detection of explosive residues in air at low
parts-per-billion (ppb) levels has also been demonstrated [14]. Focusing on bacteria
classification, we have been able to not only successfully find markers that identify bacterial
species based on their volatile signatures [15,16], but have also been able to distinguish between
species of spore-forming bacteria which may be found in environmental samples [17]. DMS
has also been employed in the classification of fuel, with correct classification rates of 95 +
0.3% [18]. We have recently begun using this instrument for breath analysis applications
[19].

A key challenge in using a detection system like the GC/DMS, resides in optimizing its
parameters to best suit the sample of interest. When so many variables are involved, testing
each parameter individually can be both time consuming and expensive research. A 2" factorial
design-of-experiments (DOE’s) provides investigators with a systematic statistical approach
to examining all possible effects and interactions of many (n) variables simultaneously, while
also observing complex non-linear interaction effects between variables at two different values.

Previously, factorial design-of-experiments has been used to optimize many types of
instrumentation systems, such as selection of biodiesel production parameters [20],
optimization of bulk manufacturing methods [21,22], characterization of catalyst systems
[23], design of protonic exchange membrane (PEM) fuel cells [24], biochemistry process
characterization [25-31], and the drug discovery process [32]. Another critical application of
this statistical approach is optimizing gas chromatography and/or mass spectrometry parameter
settings [33-36].

To date, no group has demonstrated using a factorial DOE approach to optimization of breath
analysis instrumentation, despite the complexity of these systems. In the case of exhaled breath
condensate analysis, a factorial design-of-experiments approach may allow for tailor optimized
protocols and instrumentation design that in turn will allow for precision detection for better
clinical diagnostics.

MATERIALS AND METHODS

Collection/preparation of exhaled breath condensate samples

Exhaled breath condensate (EBC) samples were collected from 6 individuals using established
protocols [19] and commercially available R-tubes (Respiratory Research, Inc; Charlottesville,
VA). Briefly, study participants exhaled through the R-tube surrounded by a pre-chilled

aluminum sleeve with a starting temperature of —20 °C. EBC was collected for 5 minutes, and
then transferred to storage vials. Finally, 1 mL of EBC from each person was mixed together
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to form a heterogeneous mixture to prevent the method from being tailored for a single
individual sample type. Acetone (Sigma-Aldrich; St. Louis, MO) was used to spike the
samples, resulting in a concentration of 833 parts-per-billion (ppb). Replicates of test samples
were dispensed into 100 pL aliquots and stored in 2 mL borosilicate vials containing
polytetrafluoroethylene (PTFE) silicone septa (Supelco; Bellefonte, PA) and were stored in a
—10 °C freezer. (Restek; Bellefonte, PA) before testing.

Design of experimental instrumentation platform

Headspace sampling was performed on each sample using either 85 um polyacrylate or 65 pm
polydimethylsiloxane-divinylbenzene (PDMS-DVB) coated solid phase microextraction
(SPME) fibers (Supelco; Bellefonte, PA) for 30 minutes at 37°C under agitation. The
concentrated EBC samples were then analyzed using a 4000 Varian gas chromatograph GC
System (Varian, Inc.; Palo Alto, CA) which contains a 30 m long and 0.25 mm wide, FactorFour
Capillary column. After desorption into the GC, the analytes are carried through the column
using 1.0 mL min~1 helium as a carrier gas. During the cryogenic cooling cycle the column
oven maintains temperature at 0 °C for 10 minutes. It is then heated according to the following
protocol: 50 °C at 10 °C min~1, 75°C at 10°C min~1 with a hold time of 5 minutes, 100 °C at
10 °C min~1 with a hold time of 5 minutes, 125°C at 10 °C min~1 with a hold time of 10
minutes, 150°C at 10 °C min~1 with a hold time of 10 minutes, and a final temperature of 200
°C at 10 °C min~1 with a hold time of 10 minutes. During non-cryo-cooling cycles the GC
starts at 50 °C but then follows the same GC profile as outlined above.

Upon exiting the GC, sample ions are then carried through the miniature differential mobility
spectrometer (DMS) prototype (Sionex Corporation; Bedford, MA) with nitrogen, where they
are first ionized by a 93Ni source before passing through the sensor drift tube region. The flow
of nitrogen is controlled by a mass flow controller and is set at either 250 mL min~ or 500
mL min~1, depending on the experiment. RF voltage is set at either 1200 \V or 1400 V,
depending on the experiment, while the compensation voltage is scanned between —43 V and
+12 V, at 6 msec intervals.

Design-of-experiments approach to data analysis

A “design-of-experiments” approach is an efficient alternative to optimizing system
performance and is frequently used in engineering and industry to optimize complex
electromechanical systems. We use an nK factorial design to test all different configurations of
a chosen set of instrument parameters, each at 2 different settings (p<0.05 significance). Three
replicate samples are measured for each instrumentation configuration. For our optimization
process, we are testing four specific parameters in our system: RF voltage (1200 V or 1400
V), nitrogen carrier gas flow rate (250 mL/min or 500 mL/min), SPME fiber type (Polyacrylate
or PDMS-DVB coated), and GC cryogenic cooling (on or off). Outcome for our experiments
is measured in two ways: total number of peaks which represent putative distinct chemicals in
the samples, and the amplitude of the spiked acetone signal. Two criteria were used for peak
selection: the intensity of a selected peak should be higher than neighboring pixels, and the
intensity of a selected peak should be higher than the mean intensity plus 2X the standard
deviation of the amplitude of the entire spectra. These two criteria can be expressed below:
{ Lij> Iy (i—p<m<i+p,j—q<n< j+q)
I;j:a peak,if m#i,n# j
I;j>mean(I)+k - std(/)

where, i and j denote retention time index and compensation voltage index, respectively, and
p and q represent the neighborhood of the pixel (i, j). In this study they are set to be 10 and 3,
respectively, as the retention time has a higher resolution than the compensation voltage. The
multiplier factor k is set to be 3.
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Figure 2 shows a representative spectratrace obtained from the GC/DMS system, and we record
both positive ion spectra (top panel) and negative ion spectra (bottom panel) from distinct
electrodes. As can be seen, many high amplitude peaks are recorded in the positive spectra, as
represented by light colored bands scattered through the plot. These peaks correspond to
specific chemicals which are exiting the GC at various retention times. While major large
amplitude peaks are clearly visible without magnification, there are also many smaller
amplitude peaks that can be measured above the baseline noise. The negative spectra showed
fewer high amplitude peaks, but had comparable numbers of smaller amplitude peaks as the
positive spectra. These positive and negative ion spectra were acquired three times for each of
the instrumentation configurations noted in the DOE approach.

Table 1 through Table 3 portray the results of the factorial design-of-experiments conducted.
For each system configuration, we calculated the average number of peaks and the average
amplitude of the acetone peak. Table 1 shows that the use of configuration 6 yields the
maximum average number of peaks. The maximum of 388 peaks was acquired using an RF
voltage of 1400 V, carrier gas flow rate 250 mL min~2, polyacrylate coated SPME, and a non-
cryogenic GC profile. The maximum average acetone amplitude was acquired using
configuration 9, where RF voltage was set at 1200 V, carrier gas flow rate at 500 mL/min,
SPME was polyacrylate coated, and a cryogenic cooling GC profile was used.

We calculated the signal-to-noise t-ratios for each effect and interaction and compared these
values to the critical t-value of 2.038, based on average acetone peak amplitude analysis. We
found statistically significant effects for all of our main variables tested in this system (95%
confidence level). However, significance of the interactions was found only in half of all
possible combinations, including RF voltage with SPME type, carrier gas flow rate with SPME
type, carrier gas flow rate with GC cooling profile, RF voltage with both carrier gas flow rate
and GC cooling profile, and carrier gas flow rate with both SPME type and GC cooling profile.

When we performed similar analyses based on the average number of peaks recorded in the
spectra, we found statistical significance in the effects of RF voltage, carrier gas flow rate, and
GC cooling profile (95% confidence level). Significance was also found in the interactions of
RF voltage with carrier gas flow rate, RF voltage with GC cooling profile, and RF voltage with
both carrier gas flow rate and GC cooling profile. Interpretation of these results follows in the
discussion section.

DISCUSSION AND CONCLUSIONS

As shown in figure 1, we identified four important parameters from our system to test in this
set of DOE experiments. Each of these four variables were found to have significant effects
on the system output, but with varying degrees of importance. What is rather more interesting
is that we were able to determine the optimum settings for our particular analytical application
of this instrument system for breath analysis. We also found significant parameter interaction
effects which were sometimes unexpected.

Since RF Voltage is the main filtering component of the DMS [37], it is not surprising that this
variable is the most significant in determining the number of peaks in an output spectra. As
expected, a high RF voltage value resulted in increased resolution of chemicals that had co-
eluted from the GC column. A high RF value, thus increased the number of identifiable peaks
in the spectra.

Carrier gas flow rate proved to be the most significant single factor in the investigation of
acetone peak amplitude, and it was also significant in the analysis of number of peaks. As the
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chemicals from the exhaled breath condensate elute off of the GC column, the carrier gas
sweeps them into the DMS detection sensor. High values of flow rate correlated with lower
numbers of measured chemicals, possibly due to dilution of low abundance chemicals. At the
higher flow rate, the chemicals passed through the sensor very rapidly, which resulted in a
lower acetone signal amplitude. This is potentially due to a lower probability of striking the
capacitive detector plate in the DMS as they rapidly progress through the sensor system.

Cryogenic cooling is a common method used in conjunction with gas chromatography. After
the sample is injected into the inlet of the analysis system, the interior of the GC oven is cooled
as the chemicals are focused onto the entrance of the GC column. When the GC oven is cycled
over its normal operating temperatures, the sample chemicals enter the column as a more
focused “plug” of material. This often results in higher amplitude peaks, sharper peaks, and
potentially a higher number of distinct trace chemical peaks that can be identified. The data
from our system unexpectedly shows that the maximum number of peaks is attained with a
non-cryogenic cooling profile, which was the only difference between configurations 5 and 6
in our DOE. Configuration 6 showed the maximum number of peaks for the system, and from
Table 1 we see that adding cryogenic cooling (configuration 5) resulted in an output of 143
less peaks than that of configuration 6; this is a negative effect. Itis possible that a latent variable
is not being adequately controlled in this experimental configuration, such as time the EBC
sample spends in residence in the sample inlet of the system. These so called “lurking variables”
have the potential to obscure parameter effects, which may have been the case in this test. The
acetone amplitude signal was positively effected by the cryogenic cooling, which is seen in
configurations 9 and 10.

The only variable found to be statistically insignificant was SPME type, and then only in the
case of the acetone peak amplitude. In analytical chemistry analysis, different SPME polymer
chemistries are frequently selected for different sample types. Polyacrylate coated SPME are
optimized to absorb molecules of molecular weights between 80-300 amu, while PDMS-DVB
coated SPME are most compatible with molecules of molecular weights between 50-300 amu
[38]. With acetone at a molecular weight of 58 amu, it would be assumed that a PDMS-DVB
coated SPME would be optimal for such an experiment. The data, however, shows that in both
configurations 6 and 9, a polyacrylate coated SPME was used. Values differed only slightly
when the same configurations were used with a PDMS-DVB coated SPME. This is potentially
due to the fact that the length of time we left the SPME fibers exposed to the EBC sample
allowed both to reach maximal acetone concentration.

Another benefit of using a DOE is the ability to see any possible significant interactions
between variables. Although SPME type may not have been significant as a single variable in
our study, as seen in the evaluation of statistical significance of each individual parameter, it
is evident from Table 2B, that SPME type does play a role in the significance of its interactions
with the other three variables. This significance suggests that changes in SPME type may not
affect the end results based on acetone peak amplitude; however, results may differ when there
are changes in any of the other parameters simultaneously.

On the contrary, SPME type did not play a role at all in the significance of the interactions
found in the results based on number of peaks, as seen in Table 3B. As expected, by the
significance of their own individual changes, interactions between RF voltage, carrier gas flow
rate, and GC cooling, when changed together may affect the results. From the data we can see
that the most significant of all interactions was between RF voltage and carrier gas flow rates,
both parameters found to be extremely influential in both number of peaks and peak amplitude.

It must be noted that statistical significance in this experiment is found relative to the other
variables involved under the conditions specified here. Results found to be “insignificant” may
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not mean that the data is not significant from a macroscopic standpoint. Insignificance, as
described by the DOE, is defined as compared to all other variables in the experiment, including
any noise due to insufficiently controlled testing methods. The repeated acetone peak amplitude
measurements all had variances that were very low across all configurations. However, the
number of peaks measured under identical replicate conditions sometimes had higher
variability, which is common with biological samples. It is also possible that some of this
variance was due to lurking variables in the system, or could be due to slight variations in
experimental methods which were beyond our control.

The DOE experiment optimization is important, because it allows us to optimize our parameters
in a systematic way. The statistical significance of specific variables also determines which
factors must be further investigated in follow-on experiments. It is possible that the optimum
configurations found here may be generalized for analysis of other biological sample types,
i.e. blood or urine, as a starting point for defining an analytical protocol; however, further
refinement of the system configurations for those different biological sample types may or may
not be necessary.
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Figure 1. Experimental setup of GC-DMS system

Chemical analysis is performed using gas chromatography differential mobility spectrometry
(GC/DMS). Several user-defined parameters were selected factorial experiments: (A) the RF
voltage of the DMS sensor. (B) nitrogen carrier gas flow rate through the DMS, (C) solid phase
microextraction (SPME) filter type, (D) GC cooling profile.
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Figure 2. Exhaled breath condensate (EBC) samples spiked with acetone as measured by GC/DMS
Both positive (top panel) and negative (bottom panel) ion spectra are shown as representative
data plots. Color intensity of the points in the spectra indicate chemical abundance, and the
chemicals are resolved along both the time and compensation voltage axes by both the gas
chromatograph and the differential mobility spectrometer, respectively.
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