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Abstract

The increasing need for rapid and on-site analysis of environmental, pharmaceutical and
petrochemical samples has driven the development of micro gas chromatographs (WGC) for the
last few decades. To improve the pGC’s ability to separate and analyze complex samples, we
implemented multi-channel multi-dimensional pGC technology. This dissertation describes the
design, assembly, characterization, operation and chromatogram reconstruction ofa 1D & 2D nGC
system as well as their applications on water contamination analysis and exhaled breath analysis.

The 1D uGC system has sub-parts-per-billion level sensitivity and can analyze a water
sample in 15 minutes. This system was coupled with purge-and-trap sampling and provided
sensitive and rapid field analysis of water contamination. Quantification results agreed well with
those obtained by an analytical lab using standard analytical methods and benchtop instruments.
This system offers a lab-on-a-chip solution for sensitive and rapid water analysis with EPA
compliant sample collection methods.

The 2D nGC system has high peak capacity (>200 for 1-by-2 channel and >430 for 1-by-
4 channel) and high sensitivity (sub-ppb). The 1-by-2 channel 2D pGC was used to analyze the
exhaled breath of acute respiratory distress syndrome (ARDS) patients. ARDS is the most severe
form of acute lung injury, responsible for high mortality and long-term morbidity, and is notably
difficult to diagnosis. Breath samples were drawn from mechanical ventilators in the ICU and
analyzed by the fully automated 2D pGC within about 30 minutes. A machine learning algorithm
was developed to analyze the metabolic information within breath chromatograms and achieved
an overall diagnostic accuracy of 87.1% with 94.1% positive predictive value and 82.4% negative

predictive value when compared to adjudications performed by physicians based on the Berlin

Xiv



criteria. The ability to continuously and non-invasively monitor exhaled breath for early diagnosis,
disease trajectory tracking, and outcome prediction monitoring of ARDS may have a significant

impact on changing medical practices and improving patient outcomes.
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Chapter 1 Introduction

1.1 Introductory Remarks

This chapter presents introductory information about benchtop gas chromatography (GC),
including working principles, applications, basic components and performance metrics in Section
1.2. Principles and advantages of multi-dimensional GC (MDGC) will be presented in Section 1.3.
The last section will discuss recent development of micro-GC (uGC), including miniature

components, pGC system performance compared to regular GC, and pGC applications.
1.2 Gas chromatography
1.2.1 Principles

Gas chromatography (GC) is a powerful separation technique for vapor mixtures'. The
heart of the GC is the column, in which the components of a sample are partitioned between
stationary phase and mobile phase. Based on their unique vapor pressures and affinities to the
stationary phase, different components of the vapor mixture are separated and elute from the
column at different times®. Figure 1.1 shows the essential components of a GC instrument: Gas
cylinder (for providing carrier gas to push the sample through the column), two stage regulator
(for reducing cylinder pressure), electronic pressure controller (for electrical pressure setting),
injector (for sample injection), column (mixture separation), oven (for column heating), detector
(for eluted vapor detection to generate a chromatogram), and GC software (for instrument control
and data acquisition and processing). Additional details of these GC components are given in

Section 1.2.2. Current benchtop GC technology provides sensitive detection (ppb to ppt level),



efficient separation (tens to hundreds peak capacity), high accuracy quantitative results (1-5%
RSD), and has a significant role in numerous environmental®, pharmaceutical* and clinical’
applications.
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Figure 1.1 Schematic of a typical gas chromatography

1.2.2 Main GC components

Injectors

Samples are injected into the head of GC column from injectors, as shown in Figure 1.2
(a) A typical split/splitless GC injector. A typical GC injector consists of a septum, a glass liner,
and a heating block. Because separation of compound mixtures in the column occurs while they
are in gas state, solid and liquid samples must first be vaporized. The syringe needle pierces a
rubber septum and inject samples into the glass liner, which is heated to 50°C above the sample
boiling point to rapidly vaporize the sample. To achieve the best separation performance at given

flow rate, a sharp injection peak is desired. Thus, a split mode injection is often used. In split mode,



only a small fraction of sample is injected into the column; the rest is washed out from split venting.
Split ratios are controlled by adjusting the flow resistance of the split vent. For batch analysis, an
auto sampler (normally placed on the top of the GC injector) can also be used to automatically
inject samples.

Sometimes, manual syringe injection cannot handle samples directly or cannot achieve
satisfactory GC performance. In this scenario, specific sample preparation techniques are required
to introduce samples into the GC column, as shown in Figure 1.2 (b)-(e). A comprehensive review
on sample preparation techniques for GC analysis can be found in Sjaak et al®. A brief summary
of solid phase micro-extraction (SPME)’, sampling loops®, thermal desorption (TD)*? and cold

traps’! are summarized in Table 1.1.
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Figure 1.2 (a) A typical split/splitless GC injector (b) SPME (c) Sampling Loop (d) TD
tube (e) cold trap

Table 1.1 Sample preparation techniques



Sampling | Sampling Sampling Advantage Disadvantage
Method Device Procedure
Static SPME Fused-silica | Immerse Easiness of Low
headspace fiber (witha | SPME fiber automation; effectiveness
(HS) stationary into HS until Simultaneous | due to small
sampling phase reached sample stationary
(Direct coated on equilibrium; introduction; | phase coating
sampling of surface) Thermally Low cost area
liquid/solid mounted on | desorb into GC
sample HS) a modified injector;
GC syringe
Sampling | Six port Fill the loop Simultaneous | Cannot
loop valve; with HS gas; sample concentrate
Sampling Switch the introduction | trace level
loop valve and samples
sweep HS gas
onto the
column
Dynamic Thermal TD tube Adsorption Broad target | Long
headspace | desorption | (cartridge trap is swept compound desorption
sampling (TD) packed with | with sample range time;
adsorbents) | and carrier Broad
(Continuous gas; injection band
flow of an Heat the trap
inert gas to release the
either sample into
through or injector/
above a focuser
fﬂlll?dor Cold trap | Cryogen Trap sample Peak High amount
(CT) (gas or via focusing; of
sample) =, .
liquid) condensation Sharp accumulated
at very low injection water;
temperatures; band cryogen
Instantaneous handling
evaporation for difficulty
desorption
Columns

Currently, there are three main types of GC columns in common use: packed columns

(stationary phase directly coated in the inert solid support material inside column), porous layer




open tubular (PLOT) columns (stationary phase coated on a porous layer of a solid adsorbent such
as alumina, molecular sieves, and Porapak) and wall coated open tubular (WCOT) columns
(stationary phase coated on the column inner wall)!2. Figure 1.3 shows a typical diagram of WCOT
capillary column. A fused silica tubing (0.1-5 um i.d.) is coated with polyimide on its outer wall
and with the stationary phase (sub-pum thin layer) on its inner wall. As aforementioned, different
compounds are injected together into the head of the GC column. The compounds flow through
the column (via inert carrier gas, normally helium, nitrogen, or hydrogen) partitioned between
mobile and stationary phases, and finally elute at different times based on their volatility and

polarity.
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Figure 1.3 Representation of a WCOT capillary column

The stationary phase can be either liquid (gas-liquid chromatography) or solid (gas-solid
chromatography). Solid stationary phases are normally used in packed columns, while liquid
stationary phases can be coated on both packed column and OT column. Liquid phases are
primarily silicone-based oils with high temperature stability and are available in a range of
polarities.

Column parameters, including stationary phase, length, inner diameter, coating thickness,
temperature profile, and flow rate, directly affect GC separation performance and should be
decided carefully based on specific application requirements. In short, longer columns result in

better separation, but longer analysis times; smaller inner diameters result in better resolution but
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smaller sample loading capacity (smaller sample quantities can be accommodated); thinner film
thickness results in faster separation but smaller sample loading capacity. Higher temperature
ramping rates and carrier gas flow rates result in faster analysis but lower resolution.

Detectors

The chemicals eluted from GC columns require some form of detection in order to generate
a chromatogram. Among the over 60 different detectors that have been used in GC instruments?,
the most widely used are flame-ionization detection (FID!®), thermal conductivity detection
(TCD'"), electron-capture detection (ECD'®), photoionization detector (PID!®!'®) and mass
spectrometry (MS).

An FID collects ions that are generated while burning effluent with oxy-hydrogen flame,
hence it responds to all organic compounds that can burn in the flame with signal proportional to
carbon content®. FID has good sensitivity, high dynamic range, and short response time; however
it consumes hydrogen and oxygen, which requires safety precautions.

Like FID, TCDs are also equipped in most commercial GC instruments. A TCD measures
the thermal conductivity of analytes in carrier gas (helium or hydrogen) and compares this with
the thermal conductivity of pure carrier gas. The thermal conductivity differences are measured
with a Wheatstone bridge. Although the TCD detection limit (ng level) is not as good as the FID’s
(pg level), TCDs are responsive to all compounds, including CO, H», and other inorganic
compounds.

ECDs are selective detectors for compounds that ‘capture electrons’, such as halogenated
materials. Electronegative analytes capture the free electrons generated from radioactive *Ni and
N interactions and decrease the ionization level of the ECD. Although ECD are not universal

detectors, their detection limit can be as low as fg level.



PIDs utilize high energy photons that are emitted from a UV lamp to ionize organic
compounds. PIDs have excellent sensitivities and fast response times with no need for external
gases. However, effluents whose photoionization energies are above the UV photon energy cannot
be detected.

Helium discharged PID (HDPID') emits photons from 13.5 to 17.5 eV, hence could be
used as universal detector. HDPIDs have good detection limit (pg level) but their lifetime are
usually short due to ion sputtering effect.

Mass spectrometer (MS) is the most information-rich detection method, capable of not only
measuring compound abundance, but also analyzing and providing compound identity (i.e.
molecular mass), which standalone GC cannot achieve. Effluents from GC are firstly passed into
a heated ionization source at low vacuum. These ions are then repelled and focused by charged
lenses into the mass analyzer (quadrupole, ion trap, or time of flight) whereupon they are separated
by their mass to charge ratio (m/z).

Other than the aforementioned detector, surface acoustic waves (SAWs)2%-22, optical vapor

23-30

sensors 2>3°, chemicapacitors 313

34-35

, chemiresistors >3, and nanoelectronic sensors can also be

used as GC detector.

1.3 GC performance metrics

When individual solute molecules pass through the column, the molecular distribution (or
peak shape) is broadened and sometimes becomes asymmetric (fronting, tailing) due to diffusion

and retention. However, in this section, Gaussian peak shape is assumed for discussion simplicity.
1.3.1 Plate number

Number of theoretical plates is a measurement of column efficiency and is defined as?:



N=(%)? =16 (;—’2)2 = 5.54(;—1)2. (1.1)

where tg is the retention time, o is the standard deviation of the Gaussian peak, w,, is the
bottom to bottom peak shape, and wy, is the full width half maximum (FWHM).
Columns with high plate numbers have higher column efficiency, since at a given retention

time, the peak height is narrower.
1.3.2 Plate height

Column efficiency can also be expressed as plate height, which is also called the Height

Equivalent to One Theoretical Plate (HETP):

L

where L is the column length and N is the plate number.
1.3.3 Golay equation
The plate height H of a capillary column is a function of average linear velocity u:
2Dg 2kdf® | (1+6k+11k2)r2 —

B _
H= m + (G + i = T + 3(1+k)2 Dy 24(1+k)2Dg

(1.3)

where B accounts for molecular diffusion, Cg and €, are mass transfer in stationary phase

and mobile phase, k is the retention factor (the mass ratio of solute in stationary phase to mobile

phase), D; and Dy are the diffusion coefficients in carrier gas and in stationary gas, dj is the film

thickness, and 7, is the column radius. With this equation, the optimal linear velocity u is:



_ B
Hope = Ic. ¥ ¢y (1.4)

1.3.4 Resolution

Resolution is used to evaluate the degree to which two adjacent peaks are separated. Its

definition is

R — (tr)p—(tR)A _ 2d
s wp)pt(wWp)a  (Wp)p+(Wp)a

(1.5)

where (tg)p and (tg),4 are the retention times of adjacent peaks A and B, and (w},)p and
(wp) 4 are the bottom to bottom peak widths of these two peaks. The chromatogram resolution can

be defined as: ¢
k
R=1/4/Nx (a—1)x — (1.6)
where N is plate number (a function of column length, inner diameter, carrier gas type, and
linear velocity), « is separation factor (a function of stationary phase composition and
temperature), and kis retention factor (a function of inner diameter, film thickness and

composition, and temperature).
1.3.5 Analysis time

Analysis time is the time needed for all analytes from the sample to elute. Depending on
application and sample complexity, this time can vary from several seconds to several hours.
Analysis time can be reduced with faster flow rate, higher temperature, shorter column length, and

smaller column diameter, at the cost of sacrificing system resolution. Decreasing injection peak



width, changing the carrier gas to hydrogen or using columns with smaller radii and proportionally

thinner film thicknesses can reduce analysis time without compromising GC system resolution.
1.3.6 Detection limit

Detection limit is the lowest quantity or concentration of a component that can be detected
reliably (usually with a sigma to noise ratio of 3). This is mainly dependent on the sampling method

(whether or not it concentrates the sample) and the detectors’ detection limit.
1.4 Multi-dimensional GC system
1.4.1 MDGC overview

Multidimensional gas chromatography (MDGC) is a powerful separation technique that
provides high-resolution analysis of complex samples®’, and has been widely used for
petrochemical, geochemical and environmental analysis. In classic heart cutting GC, one or more
selected groups of compounds eluted from the primary column onto a second column, and then
separated in the second column by another retention mechanism. In comprehensive GC x GC, a
long 1%-dimensional ('D) column, usually coated with a non-polar stationary phase, is connected
to a short 2"-dimensional (°D) column that is usually coated with a polar stationary phase 2. A
modulator is placed between the two columns to cut the eluents from the 'D column periodically
(modulation period (Pm): ~1-10 s ***4) and re-inject each sliced segment into the 2D column
sequentially *°. Consequently, each analyte is subject to two independent separation processes:
first by vapor pressure in the 'D column and then by polarity in the D column. A 2-D

chromatogram consisting of the 'D and ?D retention times can be reconstructed by analyzing the

eluted peaks detected by a vapor detector installed at the end of the D column. Ideally, the total
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peak capacity of GC x GC is ngexge=nixnz, where n; and n, are the peak capacities for 'D and 2D

separation, respectively.
1.4.2 Column combinations

Phase selection: To achieve ideal GCxGC analysis, it is critical to maximize the
“orthogonality” of the primary and secondary columns. . Clearly any GC column has a boiling
point contribution to its retention property, but it will be subtle differences in the two columns’
retention mechanisms (such as polarity or shape selectivity) that determine the ability to resolve
components46.

Length selection: Since GCxGC relies on fast analysis of accumulated 'D elution to avoid
wrap around ('D separation order changing in 2D column separation), 2D columns are usually much
shorter than 'D, and sometimes have smaller column radii and thinner film thicknesses to ensure
best separation efficiency. The !D column normally has a normal separation length (several meters

to several tens of meters) while the D column length is usually sub-meter or several meters long,
1.4.3 Modulation methods

The modulator transfers the peaks that elute from the 'D column to be sampled into the D
column. There are multiple methods to achieve this modulation, as summarized in reference *’. In
GCxGC, a sharp transfer peak is normally desired, since board transfer peaks hinder the D column
separation performance. Hence modulators with peak focusing (cryo-trap or thermal focuser) are
more popular.

Cryogenic modulator
The cryogenic modulator (with liquid N2 or liquid CO> as cryogen) is the most common

commercial modulator. As shown in Figure 1.4, the dual cryogenic jet modulator*® switches on
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and off periodically at different times to condense and then quick release the effluent from 'D

column.

Detector

~ Injector

Liquid CO2 B

15t - di
Column

Figure 1.4 Schematic of the dual cryogenic jet modulator

Fluidic modulator

In addition to sample loop based fluidic modulators, another Deans switch setup® is
designed as shown in Figure 1.5. By switching a 3 port value, the upstream flow (inert gas) can
be modulated between the two downstream 2D columns. More details on Deans switch are

provided in Section 3.2.1.4.
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Figure 1.5 Schematic of deans switch modulator

1.5 nGC system
1.5.1 pGC overview

Throughout this article, we use the term “pnGC” to refer any field portable versions of a GC
comprising one or more microfabricated components®®. A puGC comprises a number of
components, including a source of carrier gas, preconcentratorinjector, separation column,
detector, pump, valves, and software for instrument control, data acquisition, and analysis.

Since the pioneering work by Terry et al. !, portable gas chromatography (GC) systems
have been intensively investigated for a broad range of field applications such as environmental
(air, water, and soil), chemical (explosive vapors, and chemical warfare agents), pharmaceutical
and clinical (urine), and anthropogenic (indoor gas and operation) gas monitoring 23 2% 5265,
However, current portable GC systems, particularly commercialized ones such as Photovac
Voyager GC (Photovac Inc.), Portable zNose (Electronic Sensor Techonology), SeaPORT Mini-

GC (Seacoast Science Inc.), 490 Micro GC (Agilent Technologies), FROG-4000™ (Defiant

Technologies), and 3000 Micro GC Gas Analyzer (Inficon) are simply miniaturized versions of
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the one-dimensional (1-D) bench-top GC. While field-deployable and capable of rapid vapor
analysis, they suffer severely from deteriorated separation capabilities or peak capacities due to
short column lengths and wide peak widths resulting from miniaturization and requirements for
short analysis times. Therefore, these portable GCs can usually separate only a small set or limited,
well-defined class of vapors (such as gasoline, chlorinated alkenes, and diesel) ** and often fail

when complex sample matrices are present.
1.5.2 pGC components

To make the GC system portable while maintaining system performance (such as
separation capability, detection limit and analysis time) comparable to benchtop GC, multiple
micro-fabricated GC components have been integrated.

Micro pre-concentrator and injectors (nPCI)

Since portable GCs are normally designed for field analysis, sample collection and
preparation is critical for these systems. Micro preconcentrators/thermal injectors (uPCI) are
typical components used for sampling and injection in pGCs and are similar to the aforementioned
TD/CT used in benchtop GC systems. uPCI integrates chemical trapping and injection together in
the same device. In sampling mode, the uPCI is connected to a pump, whereupon chemicals will
be sucked into the uPCI and trapped by adsorption materials such as activated charcoal and porous
polymers. In injection mode, uPCI is connected to a carrier gas flow source and heated rapidly.
Trapped chemicals are released from the adsorption material quickly, resulting in a sharp injection
to the separation column. uPCI can be used to concentrate chemicals from large volumes of sample
gas while injecting with small volumes in order to increase the low detection limit without any

detector improvements. A typical pPCI has a shallow chamber area etched on a silicon wafer for
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adsorption material loading. The heater deposited on the bottom side of the silicon rapidly
introduces thermal energy into the sorption bed via resistive heating.
Micro column

Traditional columns require long columns (up to 30 to 60 m) to ensure high enough total
column efficiencies. This requires large column thermostat ovens and high-pressure gas control
systems, which are the main reasons for high power consumption and bulky size. With MEMS
technology, miniaturized columns integrate heaters and micro fluidic channels on chip®®-"’. Micro
columns are convenient for direct heating and temperature control, which can greatly reduce power

consumption and volume. Micro column design involves tuning channel layouts’!, cross section’

66, 70, 73 66, 68, 74

shapes, in-column (fluid channel) structures , column materials , coating materials,

and coating methods’>”’.

In general, the stationary phase can be coated with either dynamic or static coating. In
dynamic coating, the coating solution is slowly passed through the column by controlling the
purging gas pressure. In order to coat the stationary phase film uniformly throughout the column,
a dummy column with the same cross-sectional dimensions is connected at the end of the column.
The coating solution is then purged out with a purging gas supplied continuously for several hours
to ensure that the solvent is completely evaporated. The film thickness of the stationary phase is
determined by tuning the coating speed and the concentration of the stationary phase in the solvent.
Crosslinking and deactivation are required after coating to increase thermal stability and reduce
tailing for polar compounds.

Micro detector

Many types of micro detectors have been developed with MEMS technology with various

detection mechanisms, including thermal ductility, ionization, and interface material property
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changes by vapor adsorption. Micro thermal conductivity detectors (WTCD) are flow-through,

nondestructive detectors which generate signals by detecting thermal conductivity differences

78-79

between analyte flows and reference gases’®””. Due to the small differences in thermal

conductivities of the gases, the low detection limit of uyTCD is typically on the order of a few nano-
grams. Micro flame ionization detectors (LFID) generate signals by collecting ion charges from
analytes that are ionized by hydrogen flame®’. The low detection limit is similar to the pTCD’s

because the ionization efficiency is impaired by flame size reduction. For cantilever bridges®!,

82-83 84-85

surface acoustic waves® ™, and quartz crystal microbalance transducers® ™, the signal is

generated by resonance frequency changes caused by interface material mass changes after vapor

87

adsorption. Charge density changes of graphene® and nanowires®’ can generate current changes

in transistor type transducers. Polymer resistance, dielectric constant, and refractive index changes

88-90 91-93

after vapor adsorption have been applied in chemresistors®®~", chemcapacitors” ~°, and optical

sensors’*“, respectively. Multiple nondestructive detectors can be integrated to make sensor
arrays providing chemical identification through multivariate analysis.

Photoionization detectors (PID) are one of the most widely used gas detectors and are
applicable to a variety of organic and inorganic compounds °’. The non-destructive nature of the
PID enables the use of multiple PIDs for in-situ vapor detection in multi-dimensional GC.
Recently, uPIDs have been developed with on-chip designs, miniaturized dimensions, and small
ionization chambers '®'®. They have fast response times (<0.1 s) and significantly improved

sensitivities (picogram or ppt level), and can readily be integrated with micro-GC (uGC) for field

applications.
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Chapter 2 Portable GC for Water Contamination Analysis

Reproduced from Ref. 129 with permission from the Royal Society of Chemistry.
2.1 Introduction

Volatile organic compounds (VOCs) contamination in natural water is a major
environmental issue due to their toxicity and various adverse effects on human health **°. Sources
of these compounds include industrial effluents, waste disposals, solvents, gasoline or oil spills on
the ground surface, agricultural pesticides and herbicides, and disinfection processes '°. To protect
the public from contaminated water, the Environmental Protection Agency (EPA) has established
maximum contaminant levels (MCLs), the highest concentration of a contaminant allowed in
drinking water. Since the MCLs for many VOC contaminants are very low (ug L™ or parts-per-
billion in terms of mass), sensitive and quantitative analytical methods are greatly needed for long-
term monitoring and remediation applications.

In recent years, sensor arrays or electronic noses have made significant progress in VOC
mixture analysis, including surface acoustic wave (SAW) ' quartz crystal microbalance (QCM)
102 metal-oxide-semiconductor field-effect transistor (MOSFET) ' and colorimetric sensor '%,
These sensor arrays are cost effective and compact in size, some of which have also achieved low
detection limits; however, with the increased number of compounds, the complexity of
multivariate analysis or pattern recognition for reading sensor array’s response patterns increases.
On the other hand, gas chromatography (GC) coupled with spectrometers (such as mass spectrum

(MS) 19519 "and ion mobility spectroscopy (IMS) %111y or other vapor detectors (such as flame
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ionization detector (FID) !'2, photoionization detector (PID) '3, thermal conductivity detector
(TCD) ' and electron capture detector (ECD) !!°) are more suitable for the complex analysis,
where VOC mixtures are separated and subsequently detected and quantified individually.
Nowadays the well-established analytical method for VOCs quantification is EPA Method
5030/8260B 6117 by which samples are first collected to canisters and then taken to a well-
equipped analytical chemistry laboratory for GC—MS analysis. This process is time consuming
(from a few days to over a week) and costly. Additionally, volatilization losses and contaminations
of samples may occur during shipment and storage.

Field-portable GCs % 8- 112, 118123 3n4 MEMS-based micro scale gas chromatography
(uGC) systems '7- 124126 haye been developed for analyzing VOCs on-site. Most portable GC/uGC
systems consist of a preconcentrator/injector or an injection port, a separation column, a detector,
and a pump or a carrier gas cartridge, all of which are fluidically interconnected. Various detectors

89,118

have been integrated in these systems, such as chemiresistor , ion trap mass spectrometer !'%

120-121 128

, SAW microsenesor > '*7_ micro-FID ''? and bubble based microfluidic sensor
However, most of these portable GC and pGC systems are focused on air sampling and only a few
systems can be used to analyze VOCs in water sample such as the portable GC/SAW system with
liquid extraction !2° or static headspace sampling !, the portable GC-pFID systems coupled with
headspace solid-phase extraction (HS-SPME) ''?, the uPE (micro purge extraction) -uGC-uTCD
system '?® and static headspace sampling with micro-helium discharge photoionization detector !”.
While those systems have all achieved compact size and fast analysis (a few seconds to several
minutes, including sampling and analyzing time), they have either limited sensitivity (hundreds of
ug L) or insufficient separation capability for complex samples (usually fewer than 10 VOCs are

analyzed).
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To address this issue, we built a fully automated, portable gas chromatography system!%

integrated with a purge and trap water sampling system and flow-through PID (portable P&T-GC-
PID) for sensitive and rapid VOC quantification in water. This system achieved a detection limit
of sub ug L' (or sub-ppb in terms of mass) and short analysis time (~10 minutes, depending on
the target VOCs, which can be further shortened) with light weight (less than 4 kg) and compact
size (40 cm x 30 cm %X 10 cm). Field studies using groundwater samples from a recovery well
showed that VOC results obtained with our portable GC quantitatively match those generated with

EPA standard procedures and benchtop instruments from an analytical lab.
2.2 Theoretical analysis to define purge and trap sampling parameters

For determination of VOC concentrations in water samples, several sample preparation

124,130

techniques have been developed, such as membrane extraction , static headspace techniques

17, 120 108, 126, 131-132

, purge and trap (P&T) methods , and solid-phase microextraction (SPME) !¢
112,133 Compared to static headspace and SPME, P&T is capable of transferring more VOCs to
the cryo- or sorbent- trap and thus has a better detection limit. In addition, P&T is in compliance

with EPA Method 8260B, which is commonly used by analytical labs in water sample analysis.

Therefore, we adopted P&T for our portable GC system.

2.2.1 Henry's law

134 states that at equilibrium conditions, the amount of dissolved gas in water

Henry’s law
is proportional to its partial pressure in gas phase under a given temperature. In essence, Henry’s
law expresses the distribution of a certain gas in water and headspace air. Notably, there are two
common types of Henry’s law constants due to historical reasons: the first is the aqueous phase

concentration divided by the gas phase concentration, the second is the gas phase concentration

divided by the aqueous phase concentration. Here, we use the first definition.
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Assuming that the analyte is under partition equilibrium during the purging process, the
concentration ratio between gas phase and liquid phase is constant and is given by the Henry’s

constant '34:

Py (2.1)
where ¢, (mol L) refers to analyte concentrations in water, Ky (mol L™ atm™) is the
Henry’s law solubility constant for an analyte, and p¢ (atm) is the partial pressure of the analyte in

headspace. The temperature dependence of Kz can be expressed as:

0 1 1
K, =Ky ex;{g(? F):|» 2.2)

where Kgis the Henry’s constant under standard conditions (T’=298.15 K) and ¢ (K) is the
temperature dependent constant acquired experimentally.
2.2.2 Purge Efficiency

The process of purging organics out of water can be approximated as partitioning between

the water and the purge gas. Purge efficiency (1) is defined as

Cy—C
“x10
C 0 (2.3)

(%)=
where ¢y (mol L!) and ¢, (mol L") are the analyte concentrations of the water sample before

and after purging, respectively.
Since ¢, continuously decreases during the purging process, a differential model can be
established. Assuming that the analyte concentration in the water sample decreases by Ac, after a

purge gas (e.g., helium) volume AV, passes through, and according to ideal gas law and mass

conservation, we have:
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P, AV, =RT-An,, 04

An, =V, -Ac,,
g L (2.5)
where R (L atm mol™! K™!) is the ideal gas constant, T (K) is the purging temperature, V7 (L)

is the water sample volume, and Ang (mol) is the mole number of the analyte that shifts from liquid

phase to gas phase. Solving Equations (2.4) and (2.5) with the initial condition of ¢;=co when V=0,

we have:
—C o exple——£& )
¢ =G eXPE ) (2.6)
Thus, the purge efficiency is:
(%)= l—expeL) x10Q
RTK,V, 2.7)

Using Equations (2.2) and (2.7) and constantsKgand ¢ listed in Table 2.1, the theoretical

purge efficiency for benzene, cis-1,2-dichloroethylene (cis-1,2-DCE), p-xylene, trichloroethene
(TCE), tetrachloroethylene (PCE), and toluene under different purging conditions are presented in
Figure 2.1. For a water sample volume of V=10 mL, a purge gas volume of 500 mL results in
Vo/Vi=50, which, according to Figure 2.1 (B), corresponds to a purge efficiency in excess of 99%,

even at a temperature of 15 °C.

Table 2.1 Physical properties and calibration data summary of the six VOCs.

Solubility Detection

Compound name in water (g I{(% (r;no_l e (K) R2 limit at 1(\/ICII:_] Potential
Lhat25 | 13% 134 3o (ugL” he b health effects
°C ) Uorppb) " PPP)

cis-1,2- 3.5 0.27 4200 0.9997 0.11 70 Liver problems

dichloroethylene
(cis-1,2-DCE)
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benzene 1.8 0.18 3200 0.9999 0.28 5 Anemia;
decrease in
blood platelets;
increased risk
of cancer
Liver
problems;
increased risk
of cancer
Nervous
system,
kidney, or liver
problems
Liver
problems;
increased risk
of cancer
10000  Nervous
(xylenes system damage

total)

trichloroethene 1.1 0.11 4800 0.9997 0.31 5

(TCE)

toluene 0.52 0.15 3400 0.9962 0.13 1000

tetrachloroethylene 0.15 0.057 5100 0.9994 0.13 5

(PCE)

p-xylene 0.20 0.17 4500 0.9991 0.15

*Maximum contamination level. The highest level of a contaminant that is allowed in
drinking water as defined by the United States Environmental Protection Agency.

@lOO - - 100 |
S =
T=288.15 S
3 80 - T=298.15 > 80
5 T=308.15 % cis-1,2-DCH
k) - benzene
= o0r 2 60 F —TCE
&) L‘q_j r——toluene
2 a0t o 40 {——PCE
E[) %D 1 -xylene
& 20t ~ 200 g
(A) (B)
0 1 1 1 I O 1 1 L 1
10 20 30 40 50 0 10 20 30 40 50
Vg/V] Vg/V]

Figure 2.1 (A) Purge efficiency for p-xylene under different purge temperatures. For
all VOCs with €>0, purge efficiency increases with temperature. (B) Purge efficiency at
288.15 K for 6 VOCs with Ku® ranging from 0.05 to 0.27 mol L-! atm™ (see Table 2.1). A
theoretical purge efficiency of over 99% can be achieved when 7 /7]is 50 at 288.15K
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2.3 Portable GC device assembly and characterization
2.3.1 Materials

All analytes used in the experiment were purchased from Sigma Aldrich (St. Louis, MO)
or Fisher Scientific (Pittsburgh, PA) and had purity greater than 97%. Carbopack™ X, adsorbent
material for the microfabricated preconcentrator/injector (WPCI), was purchased from Supelco
(Bellefonte, PA). Universal quick seal connectors, universal “Y” connectors, 20 mL vials, and Rtx-
VMS capillary columns (10 m % 0.25 mm i.d., 1.4 pm film thickness) were purchased from Restek
(Bellefonte, PA). Two-port and three-port solenoid valves were purchased from Lee Company
(Westbrook, CT). A mini-diaphragm pump was purchased from Gast Manufacturing (Benton
Harbor, MI). Nickel wire (0.32 mm diameter, 1.24 Ohms/m), used as heating wire for the capillary
column, was purchased from Lightning Vapes (Bradenton, FL). Disposable helium cartridges (95
cm?, 2500 psig) were purchased from Leland (South Plainfield, NJ). Commercial PIDs with built-
in lamp drive circuits and amplifiers were purchased from Baseline-Mocon (Lyons, CO). Type K
thermocouples were purchased from Omega Engineering (Stamford, CT). A data acquisition card,
USB-6003 (16 bits) and a USB-TCO1 (for thermocouple measurement) were purchased from

National Instruments (Austin, TX).
2.3.2 Device setup and operation

Figure 2.2 presents a photograph of the portable GC. The system is housed in an
approximately 40 cm (L) x 30 cm (W) x 10 cm (H) plastic case and weighs less than 4 kg. It
operates on 110V AC power with an average power consumption of 25 W. Operation using
batteries is also possible for field applications. The disposable helium cartridge provides purging

gas during sampling and carrier gas during analyzing. Each cartridge provides enough helium for
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more than 25 analyses. A LabView™ control program developed in-house is used for automated

system.

Figure 2.2 Photo of a portable GC system. Components are numbered on the diagram.
1. 12V DC-DC converter; 2. 24V power supply; 3. 36V power supply; 4. data acquisition
card; 5. home-made photoionization detector; 6. moisture filter; 7. printed circuit board; 8.
p-preconcentrator/injector; 9. thermocouple data acquisition card; 10. GC column with
thermocouple; 11. 3-port solenoid valve; 12. 2-port solenoid valve; 13. regulating valve; 14.
helium cartridge; 15. flow buffer; 16. diaphragm pump; and 17. needle valve.

The puPCI was used to trap and accumulate low-concentration VOCs followed by sharp
injection into the downstream separation column by thermal desorption. A channel with tapered
inlet and outlet ports was etched on a Si wafer by deep-reactive-ion-etching (DRIE), then

anodically bonded to a Pyrex Borofloat 33 glass wafer. A platinum microheater and a resistance
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temperature detector (RTD) were evaporated onto the backside. Carbopack™ X granules were
loaded into the cavity between the etched channel and Pyrex wafer through a third port, which was
sealed after loading. For fluidic connections, guard columns were inserted into each port and
secured with silicone adhesive. For electrical connections, the microheater and RTD were wire-
bonded to a printed circuit board (custom designed and manufactured by M.A.K.S., Inc.). The
uPCI was preconditioned at 300 °C for 12 hours under helium flow.

The Rtx-VMS capillary column and nickel wire (both 10 meters long) were placed in
parallel and wrapped by Teflon tape !*°, and then coiled into a helix of 10 cm in diameter and 1
cm in height. A type K thermocouple was inserted into the coil to measure the column temperature
via USB-TCO1. To achieve a programmed temperature ramping profile, a pulse-width-modulated
signal (4.0-Hz square wave) was generated via the USB-6003 and applied to the heater power relay
on the printed circuit board. The duty cycle of the square wave was calculated by a proportional-
integral-derivative controller in the Labview™ program and updated every 0.4 s based on the set-
point temperature and currently measured actual temperature '*°.

A PID module was assembled using the commercial PID (which contains a built-in lamp
drive circuit and amplifier) and a home-made flow-through ionization chamber. The small dead
volume of the ionization chamber allows for rapid response time and sharp chromatographic peaks
in comparison with regular ionization chambers 3. As shown in Figure 2.3, a 2 cm long straight
microfluidic channel was created by a 380 um gap etched onto a conductive silicon wafer with a
resistivity of 0.001-0.005 Q2 cm and a thickness of 380 um. The bottom and top of the microfluidic
channel was covered by a Krypton UV lamp and a glass slide, respectively, which were then glued
to the conductive silicon electrodes with an optical epoxy. Two guard columns (250 pm i.d. and

380 um o.d.) were inserted into the inlet and outlet of the PID and sealed with optical epoxy. The
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output signal of PID was sampled at a rate of 40 KHz and averaged every 0.25 s to yield data
points for the chromatogram. Further details of the PID assembly and characterization can be found

in reference .

A) T | 2o (B)

{ 2 380 um
CBIDEEE g LA

380 pm

SR Lot
Basaline-MOCOH, IS
Lyans, Celarage USA >

o .49

Figure 2.3 Schematic of a home-made PID module with built-in lamp drive circuit
and amplifier from a commercial PID. (B) Dimensions and electrical connections of the PID
module. A 380 um wide, 380 pm tall and 2 cm long microfluidic channel was created by a gap
between two conductive silicon wafers. A small segment of a guard column was inserted into
the channel inlet/outlet for fluidic connection. The bottom and top of the microfluidic channel
were covered by a Krypton UV lamp and a glass slide, respectively, which were then glued
to the conductive silicon wafers with an optical epoxy. The UV illumination length was about
3.5 mm, as defined by the Krypton window diameter. Two copper wires with copper tape
were bonded to the wafers and connected to the amplifier. Reproduced from Ref. 16 with
permission from the Royal Society of Chemistry

The instrument operates in two modes as illustrated in Figure 2.4.
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_) 11
7,

—> Sampling flow direction
—> Analyzing flow direction

Figure 2.4 Schematic of the portable GC. Flow directions for sampling and analyzing
are marked on the figure. Components on the diagram: 1. helium cartridge; 2. regulating
valve; 3. 3-port solenoid valve; 4. diaphragm pump; 5. pPCI; 6. needle valve; 7. purging
vial; 8. moisture filter; 9. 2-port solenoid valve; 10. GC column with thermocouple; and 11.
PID module.

In sampling mode, the two solenoid valves were actuated. Helium gas was bubbled from a
250 pum i.d. fused silica tubing into the water sample, which was held in a purging vial at ambient
temperature. Head space vapor was simultaneously drawn by a diaphragm pump through a
moisture filter and then a pPCI at a flow rate of 100 mL min™'. The vapors were adsorbed to
Carbopack X inside the uPCI during sampling mode. Sampling was performed for 5 minutes, but
can be further shortened.

In analyzing mode, the diaphragm pump and solenoid valves were closed. Helium gas was
directed through the pPCI and then the column and PID module at a flow rate of I mL min™!. After
60 seconds of pressure stabilization and PID baseline recovery period, the uPCI was heated to 270
°C in 0.6 s and then kept at 250 °C for 5 s for thermal desorption. The column was first heated to

and kept at 40 °C for 1 min, then ramped to 120 °C at a rate of 5 °C min™'.

32



2.3.3 Device characterization

We characterized our device with water samples containing six analytes (benzene, cis-1,2-
dichloroethylene (cis-1,2-DCE), p-xylene, trichloroethene (TCE), tetrachloroethylene (PCE), and
toluene) at various concentration levels (from 1 pg L to 500 pg L). These samples were prepared
by serial dilution with ultrapure water obtained from a Milli-Q water purification system (Thermo
Fisher Scientific, Wayne, MI). All solutions were stored in 20-mL vials, each of which contained
10 mL of water samples and 10 mL of air-filled headspace. All water samples were stored in a 4
°C refrigerator, then restored to room temperature before use.

We first characterized the purge efficiency of our system using p-xylene as a model. During
the experiment, 10 mL of p-xylene solution with concentrations of 5 ug L™, 5 pg L', 50 pg L"!
and 500 pug L' were placed in four 20-mL purging vials. The helium purging rate and pumping
rate were adjusted to 40 mL min™' for the first vial (Column (A) in Figure 2.5) and 100 mL min™!
for the other three vials (Columns B-D in Figure 2.5). The time for each purge was set to 5 minutes,
resulting in Vg/V; = 20 for the first vial and V/V; = 50 for the other three vials. All purge efficiency
experiments were performed in a controlled lab environment (temperature 21 °C). Other

experimental conditions are described in section 2.3.3.
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Figure 2.5 Comparison of extraction profiles for various concentrations of p-xylene
in water with different helium purging volumes. Under each purging condition, the water
sample was purged consecutively four times. The time for each purge was 5 minutes. The
helium flow rate was 40 mL min™! for Column (A) and 100 mL min-! for Columns (B)-(D).
Ve/ Vi for each purge was 20 for Column A and 50 for Columns (B)-(D). Details of p-xylene
detection can be found in Figure 2.6.
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Figure 2.6 System responses of 4 times of consecutive extraction of p-xylene in water.
Each extraction time was 5 minutes. (A) V,/V=20, p-xylene concentration: 5 pgLl. (B)
Vo/Vi=50, p-xylene concentration 5 pg L. (C) V4/V/=50, p-xylene concentration 50 pg L. (D)

V./V=50, p-xylene concentration 500 pg L.

Each vial was purged and analyzed four times consecutively without changing any

solutions. Due to the fact that the concentration of the solution decreased after each purge, the

system actually measured analytes from high to low concentrations during the four purges. To

avoid possible memory effects between two adjacent purges, the system was cleaned by trigging

uPCI injection (heated to 270 °C in 0.6 s then kept at 250 °C for 5 s at | mL mn™! helium flow)

three times.

The experimental fraction of extraction for each purge presented in Figure 2.5 is defined

as:
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7=—2 x100

Z‘Fl A (2.8)

where 7 is the number of consecutive purges and A4; is the peak area for the i purge.

Column (A) in Figure 2.5 shows that with V,/V/=20, a purge efficiency of only 59.6% was obtained
from the first purge. With an increased purge flow rate such that V,/V=50, significant improvement
in purge efficiency (85.2%) was observed. Although the experimental purge efficiency at Vy/V=50
(85.2%, 92.8%, and 92.1% for the first purge in Columns (B), (C), and (D), respectively) is slightly
lower than the corresponding theoretical efficiency (all 99.9%), it is adequate for the system to
extract and analyze VOCs in water. Therefore, in following experiments, we used Vy/V=50 with
a purge flow rate of 100 mL min' and purge time of 5 minutes. One explanation for the
discrepancy between the experimental and theoretical purge efficiency is that the equilibrium
partitioning between the water sample and the helium bubbles was not fully reached 37138,

Linear range, detection limit, and precision

The linearity, detection limit, and detection precision of the portable GCwere characterized
using the six VOCs listed in Table 2.1 at ambient temperature (21 °C). The corresponding
chromatographic peak (raw response data) of the six VOCs in water with concentrations of 1 pg

L' and 20 pg L' are presented in Figure 2.7(A) and (B), respectively. The full-widths-at-half-
maximum ( fwhm) of these VOCs at 1 ug L' vary from 2.25 s to 3 s.

The detection limit ( LOD) for the six compounds are calculated based on Equation (2.9):

30
LOD="—,
Ph (2.9)

where o is the standard deviation of the baseline noise and P# is the peak height at 1 pg L
in Figure 2.7(A). Since the LODs (sub-pg L' level) of these VOCs are at least one order of

magnitude lower than the MCLs listed in Table 2.1, the sensitivity of our portable GC is sufficient
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for field analysis of water samples. Figure 2.7(C) presents a set of calibration curves for the six
VOCs with water sample concentrations ranging from 1 pg L' to 500 pg L. The peak area in
Figure 2.8 shows excellent linear response with R? > 0.99 from linear regression analysis (forced

zero Y-intercept on the linear-linear scale). Precisions were calculated using three measurements.

(A) (B) ©)
0.004 tbenzene 0.1 benzene
i ok f
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0.1 4 puylene
. ‘ 0 ¥ TCE
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Figure 2.7 Representative chromatograms for the six different compounds at
concentrations of (A) 1 pg L' and (B) 20 pg L. Each chromatographic peak is horizontally
shifted to be aligned and centered around 4 seconds. (C) Linearity test for the six compounds
in (A) and (B). Peak areas as a function of concentrations are plotted on a log—log scale.
Error bars are obtained from three measurements. Solid lines are linear fits in log-log scale.
The slopes are 1.008, 0.986, 1.003, 0.998, 1.019, and 0.948 for benzene, cis-1,2-DCE, p-xylene,
TCE, PCE and toluene, respectively. The dashed line is a curve with slope unity for reference.
Details of the linearity, detection limit, and detection precision for these compounds are given
in Table 2.1 and Figure 2.8.
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Figure 2.8 Peak areas as a function of analyte concentrations in water are plotted on
a linear-linear scale. Error bars are obtained with three measurements. Solid lines are
linears fit in linear—linear scales. The R-squared values are 0.999, 0.991, 0.996, 0.990, 0.997
and 0.996 for benzene, cis-1,2-DCE, p-xylene, TCE, PCE, and toluene, respectively. The
corresponding log-log scale plot is shown in Figure 2.7(C).

2.4 Portable GC application
2.4.1 Analysis of a complex VOC mixture

In most applications, water samples are complex mixtures of target VOCs and many
unrelated VOCs. Thus, a system with strong separation capabilities is desired. To test the
separation performance of the portable GC, a water sample containing 26 organic compounds
(selected from the EPA Method 8260B !'® analyte list, vapor pressures ranging from 0.087 Torr to
180 Torr), was analyzed. The concentration for each compound was 5 pg L' in water. A
representative chromatogram is presented in Figure 2.9, which provides a retention time reference

library for identification of VOCs. The six VOCs previously used to characterize the system were

38



eluted in less than 6 minutes, and the whole mixture was eluted in 15 minutes. Better separations
can be achieved by optimizing the column temperature ramping profile and the analyzing flow
rate; shorter analysis times can be achieved by increase the temperature ramping rate, though loss

of resolution may occur.
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Figure 2.9 Chromatogram of a mixture of 26 VOCs in water at a concentration of 5
ng L for each analyte. 1. cis-1,2-dichloroethylene; 2. benzene; 3. trichloroethene; 4. toluene;
5. tetrachloroethylene; 6. 1,2-dibromoethane; 7. chlorobenzene; 8. ethylbenzene; 9. p-xylene;
10. styrene; 11. bromobenzene; 12. propylbenzene; 13. 2-chlorotoluene; 14. mesitylene; 15.
4-chlorotoluene; 16. tert-butylbenzene; 17. 1,2,4-trimethylbenzene; 18. sec-butylbenzene; 19.
1,3-dichlorobenzene; 20. 1,4-dichlorobenzene; 21. butylbenzene; 22. 1,2-dichlorobenzene;
23. nitrobenzene; 24. hexachlorobutadiene; 25. 1,2,3-trichlorobenzene; and 26. naphthalene.
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2.4.2 Quantification of VOC concentration in groundwater samples

To test the practical utility of our portable GC, a groundwater sample obtained from a
recovery well located in Pinckney, MI was field analyzed by our portable GC system with
assistance from local environmental service company (Quantum Environmental, Ann Arbor, MI).
The recovery well is a groundwater remediation system, by which groundwater is pumped through
one or more vessels containing activated carbon to adsorb organic contaminants in groundwater.
Field technicians collect water samples monthly from the outlets of the vessel and send them to an
analytical chemistry lab (Brighton Analytical, Brighton, MI) for water VOCs determination based
on EPA Method 5030/8260B. The results determine whether vessels can still effectively adsorb
pollutants from groundwater or need to be replaced. The whole procedure (sample collection,
transportation, and analysis) normally takes about two weeks.

In our experiment, as shown in Figure 2.10, a 10 mL of groundwater sample collected from
the outlet of the vessels (inset of Figure 2.10) was placed in the purging vials and analyzed by our
portable GC. Cis-1,2-DCE, TCE, and PCE were identified based on their respective retention times
provided in Figure 2.9 and their concentrations were calculated using the calibration curves in
Figure 2.7(C). The whole procedure took 11 minutes (5 minutes of sampling, 1 minute of holding
and 5 minutes of analysis). Table 2 presents the quantitative results, precisions, and LODs of these
three VOCs by both our portable GC and the benchtop GC from the analytical chemistry lab. A
performance comparison shows that our portable GC provides faster and more sensitive VOC

quantification of water samples.

Table 2.2 Performance comparison of portable GC and benchtop GC from a local
analytical chemistry lab.
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Compound name | Qualification result (ug L") | Precision at 50 ugL"'(%) LOD (ugL™)
cis-1,2-
dichlorocthylene | 72 7 8.4 2.9 0.11 1
trichloroethene 2.6 3 9.2 4.0 0.31 1
tetrachloroethylene | 1.7 2 5.8 2.1 0.13 1
*Portable GC results.
** Analytical chemistry lab results.
***Based on Figure 2.7(C) and Figure 2.8.
0.10
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0.08 |
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Figure 2.10 Chromatogram of a groundwater sample collected from a recovery well.
Comparison between concentration results obtained with our portable GC and by an
analytical lab is given in Table 2.2. Inset shows that our portable GC system was used to test
water samples on site. The three vessels presented in the photo contain liquid phase carbon.
The three organic compounds shown in the chromatogram are: 1. cis-1,2-dichloroethylene;
2. trichloroethene; and 3. tetrachloroethylene, which can be identified by their respective
retention time in Figure 2.9.

Time (min)
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2.5 Conclusions

We have developed and characterized the performance of a portable GC system for highly
sensitive, rapid, and in-situ VOC quantification in water. Our results show that our portable GC is
able to complete analytical testing in less than 20 minutes with a sub-ug L level detection limit.
Quantitative comparison with results obtained by analytical lab under standard procedures and
benchtop instruments further validated the field-applicability of the portable GC system. Further
development includes integration of a PID detector with higher sensitivity !'* to achieve a lower
VOC detection limit down to ng L™ in water samples. Multiple stages of pPCls loaded with
different adsorbents can also be implemented to trap VOCs of a wider range of volatilities 13714,
Shorter purge times (< 1 minute) will be explored to further shorten the overall analysis time.
Finally, multi-dimensional portable GC will be pursued in order to handle more complex mixtures.

Our target is analyzing and quantifying all VOCs (>100) listed in EPA Method 8260B !¢ in-situ

in less than 20 minutes.
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Chapter 3 Two Dimensional Micro GC

Adapted with permission from Lee, J., Zhou, M. et al., “Fully Automated Portable
Comprehensive 2-Dimensional Gas Chromatography Device”. Analytical Chemistry. 2016, 88,
10266-10274. Copyright 2016 American Chemical Society. Reproduced from Ref. 29 with
permission from the Royal Society of Chemistry.

3.1 Introduction

Comprehensive GC x GC is widely used for analyzing complex samples due to its high
peak capacity. However, the predominant effects in GC x GC have been dedicated to developing
bench-top systems. Research related to portable GC x GC has been focused mainly on developing
miniaturized components (in particular miniaturized modulators), but design and assembly of full
portable 2DGC systems is still ongoing. No actual portable or miniaturized GC x GC instrument
has yet been reported. In 2009, Whiting ef al. demonstrated a miniaturized pneumatic modulator
based on micro-valves '*!. While simple and responsive, the pneumatic modulator lacks the re-
focusing capability of thermal modulators, thus resulting in peak broadening in °D separation and
decreased detection sensitivity. Using the pneumatic modulator, a crude 2-D separation of 5
analytes was achieved using a conventional bench-top GC system. More recently, a micro-scale
thermal modulator incorporating two series-coupled Pyrex-on-Si micro-channels coated with a
thin layer (0.3 um) polydimethylsiloxane (PDMS) was reported '“>'#°_ It employs a thermoelectric
cooler (TEC) to cryogenically trap the analytes eluted from the 'D column and re-focuses and

thermally injects them into the *D column 42, The thermal modulator can be heated from -30 °C
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to ~210 °C at a rate of 2400 °C/s, thus generating a peak as narrow as ~100 ms (full-width-at-half-
maximum, FWHM) '%°. A hybrid GC x GC system was constructed using this micro-scale thermal
modulator and columns microfabricated on silicon wafers (6 m and 0.5 m long for the 'D and *D,
respectively). A macroscopic injector, flame ionization detector, and GC oven on a conventional
bench-top GC were used, yielding 2-D separation of 36 analytes in 22 minutes. However, this type
of thermal modulator faces several challenges, such as thermal crosstalk (which may affect
trapping efficiency), coating material bleeding (currently PDMS) at high temperatures (currently,
the highest temperature is 210 °C), and breakthrough of highly volatile compounds (such as
benzene) '*°. Furthermore, constant cooling of the thermal modulator using a TEC requires a power
of 20-40 W. Finally, the GC x GC architecture is still the same as regular bench-top GC x GC,
thus inhering the same limitations common to all existing GC x GC systems, e.g., degraded 'D
peak capacity due to peak broadening caused by modulation, and insufficient D separation
capabilities arising from short maximally-allowed 2D separation times imposed by the modulation
period (e.g., 6 s in Ref, 14) 146-147,

This chapter reports both hardware (system design, integration and characterization) and
software (algorithms on chromatogram reconstruction) development of a portable 2DGC. Section
3.2 demonstrates for the first time a fully automated, portable, comprehensive 2-D GC device. The
system weighs less than 5 kg with dimensions of 60 cm x 50 cm x 10 cm. Multiple channels are
employed in D to increase the D separation time (up to 32 s) and hence the °D peak capacity. A
'D PID is installed at the end of the 'D column to monitor the 'D separation and assist in
reconstructing 'D elution peaks. The entire device consists of a micro-preconcentrator/injector

(LPCI), commercial column, micro-Deans switch (uDS), micro-thermal injector (uTI), and

photoionization detector (PID), as well as miniaturized valve, pump, helium cartridge, and power
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supply. A Labview™ based user interface and operation control are also implemented for
automation. This section also describes the details of system operating principles and discusses its
advantages over the conventional GC x GC arrangement (i.e., 1x1-channel with a vapor detector
installed only at the end of the 2D column).

Section 3.3 details sub-system calibration (mainly PID calibration). Due to its non-
destructive nature, PIDs are used in both the 'D and 2D sub-systems of our 2DGC. These sub-
system PIDs require uniform responses given any concentration of any chemical compounds.
However, in practice, different PIDs have different responsivities towards the same chemical
compound (even at the same concentration or mass) due to different aging conditions of the PID
lamps and windows. As a result, response factors for all PIDs must be determined, and then PID
signals of different channels can be normalized by their response factors. By using our 1x4-channel
2-dimensional pGC system to study the responses of 5 Krypton PIDs to 7 different volatile organic
compounds (VOCs) with ionization potentials ranging from 8.45 eV to 10.08 eV and
concentrations ranging from ~1 ng to ~2000 ng , we validated that the PID responses were highly
uniform regardless of analyte, concentration, or chromatographic peak width. Based on this
observation, we used the 'D PID as a reference detector and calculated calibration factors for each
one of the D PIDs against the 'D PID. With these calibration factors, we are then capable of
quantitatively reconstructing coeluted 'D peaks using signals obtained with the 2D PID array.

Section 3.4 describes the approach and algorithm for reconstructing 'D elution peaks using
the information obtained jointly by the 'D and 2D detectors. We further experimentally validate
the 1D reconstruction algorithm. Finally, we demonstrate 2-D separation of 50 analytes in 14
minutes with our 1x4-channel 2DGC system. The system peak capacity was also evaluated using

three representative analytes.
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3.2 Comprehensive 2D nGC system
3.2.1 Fabrication and characterization of individual components

Materials

All the analytes were purchased from Sigma-Aldrich (St. Louis, MO) and Fisher Scientific
(Pittsburgh, PA) and were used as received (purity > 97%). Carbopack™ B (60-80 mesh) was
purchased from Supelco (Bellefonte, PA). Compressed helium gas (99.998%) was purchased from
Cryogenic gases (Detroit, MI). GC guard columns (250 pm i.d. and 380 pm o.d.), Rtx-5ms (10 m
x 250 pm i.d., 0.25 um coating thickness), RTX-200 (12 m x 250 um i.d., 0.25 um coating
thickness), universal press-tight glass capillary column connectors, and angled Y connectors were
purchased from Restek (Belafonte, PA). 2-port and 3-port solenoid valves were purchased from
Lee Company (Westbrook, CT). A diaphragm pump was purchased from Gast Manufacturing
(Benton Harbor, MI). Nickel wire (0.32 mm diameter, 1.24 Ohms/m) was purchased
from Lightning Vapes (Bradenton, FL). A type K thermocouple was purchased from Omega
Engineering (Stamford, CT). Silicon wafers were purchased from University Wafer (Boston, MA).
The UV lamps and amplifiers for PIDs were purchased from Baseline-Mocon (Lyons, CO). A 36V
AC/DC converter was purchased from TDK-Lambda Americas Inc. (National City, CA). 24V and
12V AC/DC converters and axial fans were purchased from Delta Electronics (Taipei, Taiwan).
Data acquisition cards (DAQ cards), USB-6212 (16 bits), and USB-TCO1 (for thermocouple
measurement), were purchased from National Instruments (Austin, TX). A customized printed
circuit board (PCB) was designed and manufactured by M.A.K.S., Inc. (Troy, MI).
uPCI and pTI fabrication and characterization

The puPCI and pTI were based on the same design. Both of them consisted of a deep-

reactive-ion-etched (DRIE) silicon cavity with tapered inlet/outlet ports, an integrated platinum
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heater, a temperature sensor, and microfluidic channels. The pPCI had a cavity size of 8.15 mm x
2.9 mm x 0.25 mm, whereas the uTI’s cavity was slightly smaller (4.1 mm x 1.6 mm x 0.25 mm).
Carbopack™ B granules were loaded into the cavity through a third port using a diaphragm pump,
which was sealed with a silicone adhesive after loading. A small segment of guard column was
inserted into the inlet and outlet fluidic ports, and secured with an epoxy adhesive. For electrical
connections, the heater and resistive temperature detector (RTD) were wire-bonded to a PCB. The
RTD on the backside was pre-calibrated in a conventional GC oven at temperatures of 50, 100,
150, and 200 °C to obtain the temperature calibration curve (i.e., temperature response versus
resistance). The uPCI and pTI were pre-conditioned at 300 °C for 12 hours under helium flow
before use.

The insets of Figure 3.1(a) show the front and back side of the uPl. The front side
photograph shows the well-packed Carbopack™ B in the cavity. The volume of the cavity was 5.9
mm?® and the mass of Carbopack™ B was 1.135 mg. During operation, the uPCI was heated by
applying 36 VDC for 0.6 s and subsequently 12 VDC for 10 s for complete desorption. To maintain
a constant temperature for 10 s, a pulse-width-modulated signal (4.0-Hz square wave still at 12
VDC) was applied to the heater power relay via the USB-6212. Figure 3.1(a) shows that the pPCI
reached 270 °C in 0.6 s at a ramping rate of 314 °C/s and then kept at 250 °C for 10 s. The
normalized toluene peak injected under this condition is given in Figure 3.1(b), showing a FWHM

of 700 ms.
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Figure 3.1 (a) The temperature response of the uPI. The uPCI reached 270 °C in 0.6
s and then was kept at 250 °C for 10 s. Inset shows the front and back side of the pPCI packed
with Carbopack™ B. On the back side, the heater and resistive temperature detector (RTD)
were wire-bonded to a printed circuit board. (b) Normalized toluene peak obtained with
pPID 1 under the injection conditions given in (a). The helium flow rate was 2 mL/min.
FWHM=700 ms.

Since the uTIs need to be heated periodically with short cycling times, we applied coaxial
fans on all pTIs for rapid cooling, ensuring that uTIs were ready for the next sampling cycle. As

shown in Figure 3.2, the puTI can be cooled down to room temperature in 16 s with the fan

comparing to 205 s without the fan.
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Figure 3.2 Cooling profile of the pTI with (a) and without (b) a coaxial fan. With the
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fan, it takes 16 second for the uTI to cool from 240 °C to 25 °C.

Column assembly and temperature ramping

The 10 m long RTX-5ms column for the 'D (or the 3 m long RTX-200 column for the D)
and nickel wire were placed in parallel, wrapped by Teflon tape, then coiled into a helix of 10 cm
(or 5 cm for the RTX-200 column) in diameter and 1 cm in height. A type K thermocouple was
inserted into the gap between the coiled column to monitor the column temperature in real time
via USB-TCO1. To achieve a programmable temperature ramping profile, a pulse-width-
modulated signal (4.0-Hz square wave) was applied to the heater power relay via USB-6212. The
duty cycle of the square wave was calculated by a proportional-integral-derivative controller in the
LabView™ program and updated every 0.4 s based on the set and actual measured temperatures.
Figure 3.3(a) shows an example of the 'D column temperature ramping profile. 2D columns are
set to isothermal temperatures, which are tuned by different PWMs. Figure 3.3(b) shows the 2D

column isothermal temperature at different PWMs, with minimal variation between the four *D

columns.
80 I 50 | .
(a) (b) ¢
< = !
8 % 40
60
2. 2. " A
[ |
g sof g 30} e 2B
il Thermocouple reading|| A 2C
Setpoint v 2D
a0 F
1 1 1 1 1 20 1 L 1 1 1 1 1
0 200 400 600 800 0 1 2 3 4 5 6 7
Time (sec) PWM(%)

Figure 3.3 (a) 'D column temperature ramping profile with proportional-integral-
derivative control. (b) Column temperature of the four 2D columns at a given PWM.
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puDS fabrication and operation

A switching system was used to achieve routing of eluents from an upstream column to
one of the four downstream columns (1 x 4 switching). It consisted of three uDSs and two 3-port
valves that were connected to a helium source as shown in Figure 3.4. The uDS had a deep-
reactive-ion-etched (DRIE) microfluidic channel with three inlets (on the left) and two outlets (on
the right), an integrated platinum heater, and a temperature sensor. A small segment of capillary
column was inserted into the inlet and outlet fluidic ports, and secured with an epoxy adhesive.
The middle inlet of the pDS was connected to the upstream column, whereas the other two inlets
were connected to a 3-port valve (N.O. and N.C. port) for control helium gas to enter. The two
outlets of uDS 1 were connected to the middle inlet of uDS 2 and puDS 3, respectively, through
the universal connectors. The details of routing the analytes to other D 2B and 2C columns are
given in Figure 3.5. By operating two 3-port valves (“on” while applying voltage and “off”” while
applying no voltage), the helium control flow is routed differently (to “N.O.” port while valve is
“off” or to “NC” port while valve is “on”). Thus, the eluent from the 'D route can be sliced into
one of the four columns in *D. During the operation, the flow rate was 2 mL/min for all D

channels.
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Figure 3.5 Schematic of the 1x4 flow switching module that consists of three pDSs (see
the uDS picture in the inset) and two 3-port valves. Schematic diagram showing how the flow
routing system consisting of three pDSs and two 3-port valves works to send analytes to (a)

2A, (b) 2B, (¢) 2C and (d) 2D.
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PID fabrication and assembly

The PID module used in this work was assembled with the Krypton UV lamp and the
built-in lamp drive circuit and amplifier from Baseline-Mocon (Lyons, CO, P/N #043-234) as well
as a home-made flow-through ionization chamber. Rather than using a serpentine microfluidic
channel, which we reported previously '8, the current simplified PID shown in Figure 3.6(a)
employed a 2-cm long straight microfluidic channel created by a 380 um gap etched into a p-type
<100> conductive silicon wafer with a resistivity of 0.001-0.005 QQ cm and a thickness of 380 um.
The bottom and top of the microfluidic channel were covered by a Krypton UV lamp and a glass
slide, respectively, which were then glued to the conductive silicon wafer with an optical epoxy.
The effective UV illumination length in the channel was about 3.5 mm (i.e., the diameter of the
Krypton lamp window). Since the side of the microfluidic channel was made of conductive silicon,
it served as a signal collection electrode in this configuration. Two copper wires were bonded to
the wafers and connected to the amplifier on the commercial PID. Finally, two guard columns (250
pm i.d. and 380 um o.d.) were inserted into the inlet and outlet of the microfluidic channel and
sealed with optical epoxy. The detailed dimensions and electrical connections of the home-made
PID are shown in Figure 3.6(b). Before analysis, the four PIDs in D were calibrated with toluene

using PID 1 as the reference detector. Calibration details and results are described in Section 3.3.
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Figure 3.6 (a) Schematic of a home-made PID with built-in lamp drive circuit and
amplifier from a commercial PID. A 380 pum wide, 380 pum tall and 2 cm long flow-through
microfluidic channel was created using two conductive silicon wafers. (b)Dimensions and
electrical connections of the home-made PID module. A 380 pm wide, 380 um tall and 2 cm
long microfluidic channel was created by a gap between two conductive silicon wafers. A
small segment of a guard column was inserted to the channel inlet/outlet for fluidic
connection. The bottom and top of the microfluidic channel were covered by a Krypton UV
lamp and a glass slide, respectively, which were then glued to the conductive silicon wafers
with an optical epoxy. The UV illumination length was about 3.5 mm as defined by the
Krypton window diameter. Two copper wires with copper tape were bonded to the wafers
and connected to the amplifier.

3.2.2 Device assembly and automation

Figure 3.7 shows a photograph of the portable GC x GC device. The system was housed in
a custom 60 cm (L) x 50 cm (W) x 10 cm (H) plastic case and weighed less than 5 kg. It consisted
of AC/DC converters, DAQ cards, a diaphragm pump, and a helium cartridge in the back row, and
one 'D and four *D separation modules and the pDSs system in the front row. As shown in Figure
3.8, the 'D separation module was located in the middle of the front row, and uDSs system was
placed under the 'D separation module. The *D separation modules of 2A/2B and 2C/2D were
stacked with the board spacers and were located to the left and right side of 'D separation module,
respectively. All components, pPCI, uTI, heater wrapped columns, and PIDs, were mounted on a
custom printed circuit board. The guard column affixed to each component was connected by
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universal press-tight glass capillary column connectors or angled Y connectors. A home-made
LabView™ program was developed for automated control and operation of the system as well as

PID signal readout.

Foa i i nisy

Figure 3.7 Photo of external (a) and internal (b) views of the automated portable 1x4-
channel GC x GC device. Weight: <5 kg. The detailed layout of the device is shown in Figure
3.8.

Figure 3.8 Layout of the portable 1x4-channel GC x GC device.

3.2.3 Operation of the multi-channel GC x GC

The general operation of the 1x4-channel GC x GC is illustrated in Figure 3.9. The analytes

are first separated by the 'D column and elution is monitored by a non-destructive detector installed
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at the end of the 'D column without interrupting the flow. A switching module is used to
periodically send slices of eluents from the 'D column to the multiple D columns sequentially.
The eluents from the D columns are detected at the end of the columns. The 'D elution peaks can
be reconstructed from the information obtained jointly by the detectors in 'D and 2D (see details

in Section 3.4).
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Figure 3.9 Schematic of the 1x4-channel experimental setup to characterize and
calibrate the response of 5 PIDs (1A and 2A-D). Analytes are first injected to the 1%
dimensional column and detected by PID 1A. After the analytes pass through PID 1A, they
are routed to one of the 2" dimensional columns via micro-Deans switches and a micro-
thermal injector (uTI), and finally detected by the corresponding PID.

Modules for the 1x4-channel GC x GC

(1) Sampling and injection module, consisting of a Tedlar bag, uPCI, pump, 2-port valve,

and 3-port valve. The gas analytes from the Tedlar bag were first drawn by the pump through the
2-port valve into the uPI. Then, the uPCI was heated to inject the analytes into the 'D column.

(2) 'D separation and detection module, consisting of a home-made temperature

programmable separation column and a vapor detector (PID 1).
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(3) Modulation and switching module, consisting of 3 uDSs to sequentially send the eluent

from the 'D column into one of the 4 °D columns, i.e., Column 2A, 2B, 2C, 2D, then back to 2A,
and so forth.

(4) Four identical *D separation and detection modules, each of which consists of a uTI,

temperature programmable separation column, and vapor detector (PID 2A, 2B, 2C, and 2D).
During operation, a slice of the 'D eluent routed by the uDS was trapped by the pTI, then the uTI
was heated to inject the analyte into the 2D column for separation. Meanwhile, additional slices
from the 'D eluent were routed to the remaining three 2D columns for separation. Therefore, the
total separation time on each 2D column was 4 times as long as the modulation period.
Operation procedures and parameters

(1) The VOC samples placed in the Tedlar bag were drawn by the diaphragm pump through
the 2-port valve and adsorbed by the CarbopackTM B granules inside the pPCI (flow rate: 25
mL/min, sampling time: 2 minutes). After sampling, the 2-port valve was closed and the helium
gas was flowed through the 3-port valve for 60 s to stabilize the flow. Finally, the pPCI was heated
to 270 °C in 0.6 s and then kept at 250 °C for 10 s for complete thermal desorption.

(2) The analyte was separated by the 10 m long RTX-5ms column, then detected by uPID
1. During the separation, the column was heated and kept at 50 °C for 1 min, then ramped at a rate
of 5°C min™! to 120 °C and held for 4 min. pPID 1 was kept at room temperature (25 °C). The flow
rate was 2 mL/min.

(3) We used a modulation period of 8 seconds. The first 8 s long slice of the eluent from
the 'D column was routed to and trapped by uTI 2A, which were both kept at room temperature
(25 °C). The pTI was then heated to 270 °C in 0.6 s and then kept at 250 °C for 5 s to inject the

trapped analytes to Column 2A. Immediately after injection, the fan on the pTI was turned on to
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rapidly lower the uTI back to room temperature in 16 s, as shown in Figure 3.2. Simultaneously,
the second 8 s long slice of the eluent from the !D column was routed to and trapped by uTI 2B,
which was subsequently injected into Column 2B. The same operation was repeated for pTI 2C
and uTI 2D until the fifth 8 s long slice, which was routed to uTI 2A again. The helium flow was
kept at 2 mL/min for all 4 D columns.

(4) The analyte underwent 2D separation through one of the 3 m long RTX-200 columns
(kept at 60 °C) and then was detected by uPID 2 (kept at room temperature, 25 °C). During the
separation, the helium flow rate was 2 mL/min. The maximal separation time for each 2D column

was 32 s (4 times the modulation period).
3.3 2D pGC calibration
3.3.1 PID module responsivities variation

The 2DGC requires uniform response over all sub-system PIDs, given any concentration
of any chemical compounds. However, the PID exhibits different responsivities toward different
chemical compounds due to their different ionization potentials. Such responsivity differences for
a given PID can be accounted for by calibration with isobutylene to obtain the response factor (or

correction factor) 148150

, which is the ratio between the sensitivity of isobutylene to that of a target
compound. Additionally, different PID devices may have different responsivities towards the same
chemical compound (even at the same concentration or mass) '°!. Such differences result from
factors like different aging conditions of PID lamps (due to their finite lifetime and Krypton gas
leakage) and PID windows (caused by contamination of gas analytes, water etching, crystal

solarization and yellowing effects due to UV damage '** 13213%)  Another issue is imperfect

alignment between the lamp window and the microfluidic channel in the PID during assembly.

60



Variations in PID responsivity may be detrimental to the employment of multiple PIDs in a GC
system, especially in a multi-dimensional GC system.

To calibrate the difference in responsivity of different PIDs, one can always measure each
PID’s response to all target analytes at all anticipated concentrations (or masses). However, this
method is tedious and sometimes impossible to accomplish. The easiest and most practical
approach is to compare and calibrate the responses of all PIDs in a GC system with a single analyte
at a given concentration. This raises the question of whether or not the calibration factor obtained
with this analyte (at the given concentration) can be generally applicable to other analytes of
different concentrations. In this section, we systematically investigated the responses of 5 Krypton
PIDs (UV photon energy: 10.6 eV) in a 1x4-channel 2-dimensional pGC system to 7 different
volatile organic compounds (VOCs) with ionization potentials ranging from 8.45 eV to 10.08 eV
and concentrations ranging from ~1 ng to ~2000 ng. Using one of the PIDs as the reference
detector, the calibration factor for each of the other four PIDs was obtained. We found the
calibration factors to be quite uniform regardless of the analyte, its concentration, or
chromatographic peak width. Based on this observation, we were able to quantify coeluted peaks
in the 1*-dimension using the signal obtained with a PID array in the 2"!-dimension. This work
enables rapid and in-situ calibration of PIDs in a multi-dimensional pGC system using a single

analyte at a single concentration.

3.3.2 Experimental setup

Benzene (>99.9%), toluene (99.5%), ethylbenzene (99.8%), heptane (99%), styrene
(99,9%), chlorobenzene (99.8%) , p-xylene (99%), and 2-heptanone (99%) were purchased from
Sigma-Aldrich (St. Louis, MO) and used as received. Carbopack™ B (60-80 mesh) was purchased
from Supelco (Bellefonte, PA). Compressed helium gas (99.998%) was purchased from Cryogenic
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gases (Detroit, MI). The experimental setup for PID characterization is the same as illustrated in
Figure 3.9. The setup was arranged in a format resembling a 1x4-channel 2-D GC so that the
response of PIDs 2A-D could be calibrated against that of PID 1A. The 1% dimensional module
included a microfabricated preconcentrator (uPrcon), one 10 m long RTX-5ms column, and PID
1A. Each of the 2" dimensional modules included a microfabricated thermal injector (uTI), one 3
m long RTX-200 column, and a PID to be calibrated. The flow routing system between the two
separation modules consisted of three microfabricated Deans (nDeans) switches and two three-

port solenoid valves to route the analytes from PID 1A to the PIDs in the 2" dimension.

3.3.3 Calibration procedure

The operation procedure was divided into two steps: detection by PID 1A followed by
secondary detection by PIDs 2A-D.

For the first detection, the gas analyte was drawn by a diaphragm pump through a two port
valve and adsorbed into Carbopack B inside the pPrcon. After sampling, the two valves were
closed and helium gas was flowed through a three-port valve. The pPrcon was heated to 270 °C in
0.6 s and then kept at 250 °C for 10 s for complete thermal desorption. The analyte was separated
by a RTX-5ms column, then detected by PID 1A. During the experiment, the column was heated
and kept at 50 °C for 1 min and then ramped at a rate of 5°C min™!, whereas PID 1A was kept at
room temperature (25 °C).

In the second detection, each of the analytes (either partial or entire amount) passing
through PID 1A was routed by the puDeans switches and trapped by the uTI in one of the 2™

dimensional modules. Then, the pTI was heated to 270 °C in 0.6 s and kept at 250 °C for 5 s.
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During the experiment, all columns in the 2" dimension were kept at 40 °C, while PIDs 2A-D

were kept at room temperature (25 °C).

3.3.4 Analyte dependency

To test and calibrate the PIDs’ responses, individual analytes of specific masses were first
placed in a Tedlar bag, then collected by the uPCI and injected into the 1 dimensional column.
After detected by PID 1A, the analyte was injected into one of the 2™ dimensional columns and
detected by the corresponding PIDs (PIDs2A-D). The same procedure was repeated until all four
PIDs in the 2™ dimension were tested. Figure 3.10 shows the responses of all five PIDs (PID 1A
and PIDs 2A-D) to two representative analytes (ethylbenzene and toluene). Due to the non-
destructive nature of the PIDs '°° the same amount of analyte flowed through both PID 1A and
one of the PIDs in the 2™ dimension, which allowed for direct comparison of the PID’s
responsivity in the 2™ dimension with that of PID 1A. For simplicity, we consider PID 1A as the
reference and calibrate the responsivity of PIDs 2A-D against that of PID 1A. From Figure 3.10
we can see that the PIDs exhibit quite different responses to the same analyte of the same quantity.
The calibration factor, E, for a given PID in the 2" dimension is defined by the ratio of the peak

areas, i.e.,

E = i, (=24, 2B, 2C and 2D)

AIA 3.1

where 4; is the peak area obtained from PIDs 2A-D and 4,4 is the peak area obtained from

PID 1A.
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Figure 3.10 The response of 5 PIDs to (a) 85 ng of ethylbenzene and (b) 92 ng of
toluene. For comparison purposes, the peaks of PIDs 2A-D are normalized to that of PID 1A
for each analyte. Additionally, all the peaks are horizontally shifted for clarity. Therefore,
the x-axis does not represent the retention time.

Using the same method, we calibrated the responses of PIDs 2A-D to seven different
analytes with ionization potentials ranging widely from 8.45 eV (p-xylene) to 10.08 (heptane)'°.
The results in Figure 3.11 and Table 3.1 show that the calibration factor for each PID are very
similar despite the seven analytes having varied physical and chemical properties (such as
ionization potential, vapor pressure, polarity, and chromatographic peak width, efc.). This result

suggests that the PID calibration factor can be obtained by using a single analyte.
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Figure 3.11 Normalized peak area obtained with PIDs 2A-D for toluene (92 ng),
ethylbenzene (85 ng), styrene (90 ng), heptane (83 ng), chlorobenzene (75 ng), benzene (80
ng) and p-xylene (80 ng). The peak areas are normalized to that of PID 1A for each analyte.
Error bars were obtained with 3 measurements. Related parameters for the analytes and
PID calibration factors are given in Table 3.1.

Table 3.1 Comparison of the calibration factors (standard deviation) of PIDs 2A-D
for seven different analytes. Averaged calibration factors (standard deviation) are given by
Ei.
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*Jonization potential (eV)

Ethyl- Chloro-
Toluene benzene Styrene  Heptane benzene Benzene  p-xylene |
[P* 8.82 8.76 8.47 10.08 9.07 9.25 8.49
A 0.343 0.342 0.336 0.343 0.343 0.342 0.349 0.343
(0.009)  (0.003) (0.009)  (0.011) (0.002) (0.003) (0.003) (0.005)
B 0.404 0.405 0.401 0.406 0.403 0.408 0.403 0.404
(0.007)  (0.015) (0.013)  (0.011) (0.013) (0.032) (0.013) (0.014)
’C 0.328 0.332 0.325 0.318 0.325 0.323 0.327 0.325
(0.005)  (0.001) (0.008)  (0.001) (0.005) (0.002) (0.012) (0.004)
D 0.190 0.186 0.185 0.188 0.193 0.190 0.188 0.189

(0.005)  (0.008)  (0.013) (0.004)  (0.008)  (0.002)  (0.008)  (0.006)

3.3.5 Concentration dependence

In addition to analyte dependence, we also investigated concentration dependence of the
PID’s calibration factor. Figure 3.12(a) presents peak areas of toluene signals obtained with PID
1A, 2A, and 2B with injection masses ranging from 1.5 ng to 1800 ng. The peak area shows
excellent linear response to the injection mass with an R? value of 0.9990-0.9995 from the linear
regression analysis (forced zero Y-intercept at zero injection mass). Figure 3.12(b) plots the
calibration factors of PIDs 2A and 2B for each injection mass extracted from Figure 3.12 (a),
showing high consistency for injection masses ranging over 3 orders of magnitude. The above
results suggest that the calibration factor for each PID can be obtained with a single concentration

(or mass) of a single analyte.
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Figure 3.12 (a) Peak area obtained with PID 1A, 2A, and 2B as a function of injection
mass of toluene on a linear-linear scale. Error bars were obtained from 3 measurements. (b)
The peak areas of signals obtained from PID 2A and PID 2B are normalized to that of PID
1A extracted from (a). Calibration factors for each PID (averaged among different
concentrations) and associated standard deviations are labeled in the figure.

3.3.6 Calibration factor validation

To further validate the calibration factors for the PIDs in the 2™ dimension and to
demonstrate an important application of using multiple PIDs, we quantitatively reconstructed the
coeluted peaks in the 1%t dimensional separation using the results obtained from the PIDs in the 2™
dimension. Reconstruction of the 1% dimensional elution peaks is particularly important in
comprehensive 2-D GC '%7. Since our instrument had four columns and four PIDs in the 2"
dimension, we were able to alternately route a portion of the eluent from the 1 dimension to the

2" dimensional columns.

We chose styrene and 2-heptanone as a model system. The black curve in Figure 3.13(a)
obtained by PID 1A shows that these two analytes were coeluted from the 1% dimension around
145 seconds. Figure 3.14 illustrates how the eluent was cut and sent into the four 2" dimensional
columns by the flow routing system and subsequently detected by PIDs 2A-D. In order to

reconstruct the separation peaks originally overlapped in the 1% dimension, the area under each
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peak in the 2" dimension separation was computed and converted to the response of PID 1A using
the corresponding calibration factor. Figure 3.13 (a) and (b) present the reconstructed bars for
styrene and 2-heptanone, respectively. The four bars are generated from the signals obtained by

PIDs 2A-D. Each bar corresponds to a 5 s slice whose height, 4, is computed as follows:

N
"E x5(s)’ (3.2)

where 4; is the peak area obtained by one of the 2™ dimensional PIDs and E; is the
corresponding calibration factor (see Table 3.1). The total area under the bars is 2.575 Vs and 3.03
Vs for styrene and 2-heptanone, respectively. Summations of the two sets of bars are plotted in
Figure 3.13 (c) with a total area of 5.605 Vs, which is nearly the same as the area (5.85 Vs) obtained
directly by PID 1A (see the black curve in Figure 3.13). In order to verify the reconstruction of the
1*" dimension peak, Figure 3.13 (a) and (b) also plot the elution peak of styrene and 2-heptanone
detected by PID 1A when they were injected separately (see the red and blue curves in Figure
3.13). The peak area of 2.46 Vs for styrene and 3.006 Vs for 2-heptanone match well with the

respective areas obtained from the reconstructed peaks. Details of the peak areas are also given in

Table 3.2.
—PID 1A, mixture —— PID 1A, mixture —PID 1A, mixture
——PID 1A, styrene (a) ——PID 1A, 2-heptanone (b) [ PID 2A-2D, mixture (C)
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Figure 3.13(a) The coeluted peak of a mixture of styrene (285 ng) and 2-heptanone
(420 ng) obtained with PID 1A is given by the black curve. Peak areas of signals from PIDs
2A-2D for styrene is represented by the red bars. The peak of styrene obtained with PID 1A
when it was injected individually at 285 ng is given by the red curve. (b) The coeluted peak
of a mixture of styrene (285 ng) and 2-heptanone (420 ng) obtained with PID 1A is given by
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the black curve. Peak areas the signals from PIDs 2A-2D for 2-heptanone (420 ng) is
represented by the blue bars. The peak of 2-heptanone obtained with PID 1A when it was
injected individually at 420 ng is given by the blue curve. (c) The coeluted peak of a mixture
of styrene (285 ng) and 2-heptanone (420 ng) obtained with PID 1A is provided by the black
curve. Black bars are the summation of the red and blue bars in (a) and (b). Details of routing
the 1% dimension eluent to the 2"! dimension columns are illustrated in Figure 3.5. Details of
the peak areas are given in Table 3.2.
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Figure 3.14 (Top panel) Signal from PID 1A when styrene (285 ng) and 2-heptanone
(420 ng) were injected together, showing these two analytes coeluted from the 1% dimension
around 145 seconds. The routing system cut the eluent into 4 slices (each of which has a 5-
second window), and then sent them sequentially to each of the four 2"? dimensional columns.
(Bottom panel) Signals from PIDs 2A-D show that styrene and 2-heptanone were separated
in the 2" dimensional column, which allowed us to reconstruct the elution peaks in the 1%
dimensional separation.

Table 3.2 Comparison of the total area under red, blue, and black bars obtained with
PIDs 2A-2D, and peak areas obtained with PID 1A.

Styrene (red) 2-Heptanone (blue) Mixture (Black)
Bar 2.575 (Vs) 3.03 (Vs) 5.605 (Vs)
Curve 2.46 (Vs) 3.006 (Vs) 5.85 (Vs)
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With these, we have validated that the calibration factors obtained by calibrating a single
analyte at single concentration are applicable to all analytes at any concentrations. We have also
validated that by utilizing the peak areas from the 2D PIDs, we can resolve coeluted D peaks as
long as the peaks can be separated in 2D columns. This work not only enables rapid and in-situ
calibration of PIDs but facilitates the development of multi-channel, multi-dimensional GC, which

will be discussed further in section 3.4.

3.4 2D pGC chromatogram reconstruction algorithm
3.4.1 EMG model based 'D peak reconstruction

While in theory GC x GC enhances a system’s peak capacity, in practice, the enhancement
is significantly impaired due to the lack of 'D separation information '4’. The retention times or
peaks in 'D are deduced from the information obtained from D chromatograms. Several methods
such as chemometrics have been explored %315 but the !'D reconstruction capability is still
limited.

Here we demonstrate reconstruction of 'D peaks using the exponentially modified
Gaussian (EMG) model with the assistance of the 'D chromatogram obtained with PID 1. The
EMG function, which contains both a Gaussian distribution and an exponential decay, is widely

used to analyze peaks in chromatography %161 Tt is defined as:

_ A [ , pU+Ao’ —t
f(t,y,a,i)—zexl{a(Zﬂwb —21)]8%(7)’ (3.3)

where ¢ is time, A is the rate of an exponential decay, p and ¢ are the mean andstandard
deviation of a normal Gaussian function, respectively,and erfc is the complementary error function

defined as:
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_ 2 -
e;fo(x)—ﬁ'[ce dq (3.4)

Note that the total area under the EMG function defined in (3.3) is normalized to unity.

The retention time () of the EMG is defined as:

) G :
z, _lu—\/zd-elj%'li’l\(m)'kw > (3.5)

where erfcinv is the erfc inverse function.
Assuming that an analyte from 'D is modulated to *D n times at t1, t, 3, .,
corresponding normalized peak areas in 2D are a1, az, as, ..., an (i.e., ai+axtast ...+an = 1). To

find the best fit EMG curve for this analyte in 'D, we establish an objective function, e, defined as

follows:
€= ;ef ’ (3.6)

e,:ai—J:i ftu,oA)-dt (i=1,2,3,...,n). 3.7)

Once the three parameters (|, 6, and A) are given, the normalized EMG function f{¢; y, o,

A) 1s fully defined. To find , o, and A, we further assume that the retention time for the analyte is
located between p and t,, i.e., [y <f,, <t,, which allows us to scan #, from #y to t, to find the optimal

U, o, and A. For a given t,, there are only two independent parameters, namely ¢ and A (pn can be
determined by (3.3). Therefore, minimizing the objective function e in the 6-A plane results in euin
(a set of pu, o, and 1), and hence the corresponding EMG function f{#; p, o, A). Repeating the same
procedures by scanning over £, (i.e., tn'", t:?, ..., t:P), where p is the number of #,’s used in the

scanning), we can obtain a series of e (i.e., emin'?, emn®, ..., emin™) and the associated EMG

functions, f{t; pV, oV, AD), At; n®, 6@, 1), ..., and f{t; p®, P, AP).
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In the traditional method, which lacks the 'D detector, the best fit EMG function f{£; p, o,
A) is the one that corresponds to the lowest eqin. In contrast, with the information provided by the
'D detector, the EMG functions and hence the 'D peaks can be obtained with much higher accuracy
and resolution. Assuming the 'D chromatogram obtained with the 'D detector is /(¢), the difference

(E) between A(¢) and f{¢; u, o, A) is given as:

E=J:;"

where A represents the total area of the ?D chromatograms. We test Equation (3.8) with

h@t)—A- f(t; u,0,2)|- dt, (3.8)

the p EMG functions obtained previously. The best fit EMG (and the associated area, A) is the one
that minimizes E. Note that here, we use the singlet case (single analyte) in Equation (3.8) to
describe the algorithm for the sake of mathematical simplicity and completeness. In practice, if
there is only one analyte, A(?) itself can be used to reconstruct the 'D peak. For the doublet (two

coeluted analytes) and triplet (three coeluted analytes) cases, Equation (3.8) can be generalized as:

" 3.9
E:J;O Wo)y—A; - f(Gu,,0,,4)— A4, -f(t;luk,ak,ﬂk)‘ -dt, (3.9)
tn
E=[h6) =4, [ 44,0, 2) = A4 - [ 11,030 4) = A - [ (6 41,01, -l (3.10)
where j, k, /=1, 2, 3, ..., p for different coeluted analytes and A are the corresponding

total areas obtained from the D chromatograms. By minimizing E, the best set of the EMG
functions (along with the areas) for the coeluted analytes can be obtained.

We simulated reconstruction of one, two, and three coeluted peaks (singlet, doublet,
and triplet) using our algorithm as shown in Figure 3.15(a)(b)(c)and compared it to the traditional
method in as shown in Figure 3.15(d)(e)(f). Note that in practice, singlet peaks can be reconstructed
directly by the signal from the 'D detector using our method. The singlet example presented in

Figure 3.15(a) is to demonstrate the ability of our algorithm to overcome the deficiencies in the
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traditional method. Below, we use the doublet case to detail the reconstruction procedures. First,

we arbitrarily generated 'D peaks with various combinations of i, o, and A, as shown in (3.3). Red

(u=5,0=1,and A =2) and blue (W=7, 5 =2, and A = 1) solid curves in Figure 3.15 (b) represent

two analytes. The 'D peaks were modulated every 5 s (Py = 5 s) and the number of modulations

was 4. The scan step size was set to 0.5 s and the ¢, range was set from 0 to 20 s, yielding 40 (i.e.,

p = 40) possible retention times (). Next, the 2D peak areas were calculated (red and blue bars in

Figure 3.15 (b)). Based on Equations (3.3) to (3.9), the 'D peaks were reconstructed and shown as

red and blue dashed curves. Figure 3.15 shows that our algorithm is able to reconstruct the 'D

peaks with high accuracy. In contrast, as shown in Figure 3.15(d)(e)(f), the traditional method that

uses the same EMG model, but without the 'D chromatogram (black curves), fails to accurately

reconstruct the 'D peaks (see the dashed curves).
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Figure 3.15 Simulation of 'D reconstruction of (a) single peak, (b) coeluted two peaks,
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and (c) coeluted three peaks using the EMG model and the 'D chromatogram detected by
the 'D detector. Black curves: 'D chromatograms detected by the 'D detector. Black curve in
(a): n =9, 6 =2, and A =1 (3.3). Red/blue solid curves in (b): 2 different analytes. p =5/7, 6 =
1/2, and A = 2/1 (3.3). Red/blue/green solid curves in (¢): 3 different analytes. p = 5/7/10, ¢ =
1/2/0.5, and A = 0.5/1/1 (3.3). The combination of these curves results in the black curves in
(b), and (c). Red/blue/green dashed curves: reconstructed 'D peaks using our algorithm.
Red/blue/green boxes: the width represents the modulation period (5 s in this case) and the
area represents the analyte quantity of each modulation detected by the 2D detector. For
comparison, reconstruction of the same 'D peaks without the 'D chromatogram is shown in
(¢) (d) and (e).

We validated the reconstruction method for the 'D peaks by injecting the sample into our
portable 1x4-channel GC x GC system and comparing the experimental peaks with the
reconstructed peaks. First, we show the reconstruction of a singlet peak. Cyclohexane was injected
by the pPCI in 'D and underwent 'D separation. After detection by pPID 1 (black curve), Figure
3.16(a) shows the °D separation for modulations at 72 s and 80 s. The 'D peak was reconstructed
according to the procedures described in Section 3.4.1 and shown as the red curve in Figure 3.17.
Once again, we present the singlet result only to show the capability of our algorithm. In practice,

in the singlet case, we would use the 'D peak obtained directly from PID 1.
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Figure 3.16 2D separation of (a) cyclohexane for modulations at 72 s and 80 s, (b) 3-

74



chlorotoluene and 1,3-dichlorobenzene for modulations at 512 s, 520 s, 528 s, and 536 s, and
(c) heptane, 1,4-dioxane, and methylisobutylketone for modulations at 88 s, 96 s, 104 s, and
112 s.
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Figure 3.17 Comparison of the normalized peak (black) of cyclohexane obtained with
pPID 1 and the reconstructed peak (red).

Next, a coeluted peak containing two analytes was tested. 3-chlorotoluene and 1,3-
dichlorobenzene were selected due to their similar retention times. The black curve in Figure
3.18(a) was detected by PID 1, showing that the two analytes were not fully separated in 'D. This
'D peak was then modulated at 512 s, 520 s, 528 s, and 526 s, and further separated in 2D (see
Figure 3.16(b), 2D separation for modulations at 512 s, 520 s, 528 s, and 536 s). The 'D peaks
were reconstructed according to the procedures described in Section 3.4.1 and shown as the red
and blue curves in Figure 3.18(a). To further verify the 'D peak reconstruction, both analytes were
injected individually into our system. The corresponding comparison between the normalized
original peaks detected by PID 1 and the normalized reconstructed peaks is presented Figure

3.18(b).
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Figure 3.18 (a) 'D chromatogram obtained with pPID 1 for a mixture of 3-
chlorotoluene and 1,3-dichlorobenzene (black curve). Reconstructed 'D chromatogram for
3-chlorotoluene (red curve) and 1,3-dichlorobenzene (blue curve). (b) Comparison of the
reconstructed 'D chromatograms in (a) for 3-chlorotoluene and 1,3-dichlorobenzene (solid
curves) and those obtained with uPID 1 when 3-chlorotoluene and 1,3-dichlorobenzene were
injected individually (dashed curves). All curves are normalized to their respective peaks for
comparison. (¢) 'D chromatogram obtained with pPID 1 for a mixture of heptane, 1,4-
dioxane, and methylisobutylketone (black curve). Reconstructed 'D chromatogram for
heptane (red curve), 1,4-dioxane (blue curve), and methylisobutylketone (green curve). (d)
Comparison of the reconstructed 'D chromatograms in (a) for heptane, 1,4-dioxane, and
methylisobutylketone (solid curves) and those obtained with pnPID 1 when heptane, 1,4-
dioxane, and methylisobutylketone were injected individually (dashed curves). All curves are
normalized to their respective peaks for comparison.

Finally, the reconstruction was applied to a coeluted peak containing three analytes
(heptane, 1,4-dioxane, and methylisobutylketone). The unresolved 'D chromatogram detected by

PID 1 is shown in the black curve in Figure 3.18(c). Modulations took place at 88 s, 96 s, 104 s,
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and 112 s. The corresponding 2D separation is given in Figure 3.16(c). The reconstructed peaks
are plotted as the red, blue, and green curves in Figure 3.18(c). Comparisons between the
normalized peaks of the individually injected analytes and the normalized reconstructed peaks are
presented in Figure 3.18(d). These examples suggest that our system and algorithm are able to

accurately reconstruct 'D peaks, thus improving 'D resolution and hence peak capacity.
3.4.2 Reconstruction of 2D Chromatogram (contour plot)

One of the distinct characteristics of a GC x GC chromatogram is the 2-D contour plot of
well-separated analytes in a mixture. Traditionally, the output of GC x GC is simply a long series

38,162 gince there is no 'D detector. Thus, the resolution of the traditional 2-

of 2D chromatograms
D contour plot is lost due to modulation and the lack of information on the 'D chromatogram. In
contrast, our GC x GC makes use of the information obtained from the reconstructed 'D peaks,
allowing for creation of a 2-D contour plot with significantly increased resolution. To generate
such a 2-D contour plot, the 2D chromatograms were firstly deconvoluted for each analyte in 'D.
Since the 2A-2D PID peak shapes are the same (expect for peak height), we use peak shape within

a single modulation (where the z locates) to represent the analyte’s *D peak shape. For analyte s,

we can define its 'D chromatogram as the area-normalized EMG function, fi(‘tz), the its 'D peak

1
t

area as Agand the 2D area-normalized peak as g,V(’tr). v = |‘P—RJ+1 (=1, 2, ..., n), which
M

represents the v modulation from 'D to 2D, with U being the floor function . The 2-D contour
plot of Cs(“tr, *tr) is then:

Cs(Mtr, 2tg) = Asfs (*tr)gs™ (*tr) G.11)

Correspondingly, the 2-D contour plot, C(‘, tr), of N analytes can be written as:
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N
1, 2 _ 1, 2
C( tR’ tR)_;Cv( tR’ tR)‘ (312)

Figure 3.19 shows the 2-D and the 3-D contour plots for singlet, doublet, and triplet
analytes in Figure 3.17 and Figure 3.18 using the method described in Egs. (9) and (10), showing
well resolved peaks. For comparison, corresponding 2-D and 3-D contour plots using the

traditional method are given in Figure 3.20.
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Figure 3.19 2-D and 3-D contour plots of Figure 3.17, and Figure 3.18 using Eqs. (9)
and (10). For comparison, the corresponding contour plots using the traditional method are
shown in Figure 3.20.
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Figure 3.20 2-D and 3-D contour plot corresponding to Figure 3.19 using the
traditional method instead.

3.4.3 Demonstration of 2-D separation of S0 VOCs

We employed the portable 1x4-channel GC x GC device to analyze a mixture of 50 VOCs
(see Table 3.3). First, the mixture of 50 VOCs was prepared in a Tedlar bag and separated in 'D.
The corresponding 'D chromatogram were recorded by puPID 1 (see Figure 3.21). Using a
modulation period of 8 s, the analytes were routed to the D separation modules and separated in
2D. Figure 3.22 presents the 2-D contour plot of the 50 VOCs using the previously discussed 1D

reconstruction and contour plot methods. It can be seen that the 50 VOCs can be completed
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separated in only 850 s (or 14.2 minutes). The corresponding reconstructed retention times and

peak widths in 'D and retention times and peak widths in 2D are listed in Table 3.

Signal (a.u.)

0 200 400 600 800
Time (s)

Figure 3.21 'D chromatogram of the 50 VOCs detected by PID 1.

Table 3.3 List of 50 VOCs and their 'D and %D retention times and peak widths.
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Analyte Iy IFWHM %  °FWHM Analyte ly  IFWHM 2 FWHM

1 Hexane 56 15 57 1 26  Nonane 310 109 104 14
2 2-methylfuran 63 1 103 1 27 1,2-dichlorobenzene 323 102 192 16
3 Cyclohexane 70 L7 4 13 28 Cumene 331 92 184 122
1 Benzane 20 32 8 125 29 2-cthoxyethyl acctate 333 72 247 12
5 Heptane 90 4 56 1 30  Propylbenzenc 355 903 16 1.56
6 1.4-dioxane 97 42 10 095 31 (+)-e-pinene 357 618 12 112
7 Methylisobutylketone 102 4.5 16 134 32 4-cthyltohiene 396 5% 119 14
8 Methylcyclohexane 142 46 557 123 33 Benzaldehyde 401 9 16 11
9 Toluene 144 691 88 112 34 2-chlorotoluene 411 792 224 15
10 Cyclopentanone 156 599 111 134 35 Mesitylene 412 118 20 12
11 2-hexanonc 160 81 14 145 36 4-chlorotoluene 419 6 16 1.4
12 Hexanal 168 88 128 112 37  Phenol 427 55 12 134
13 Octanc 168 71 79 11 38 2-cthlytoluene 500 103 19 131
14  Trans-2-hexen-1-al 202 107 12 123 39 1,2 A-trimentylbenzenc 508 72 24 16
15 Chlorobenzene 206 837 191 133 10 3-chlorotoluene 511 55 152 15
16  Ethylbenzenc 213 753 88 124 41 1,3-dichlorobenzene 519 85 198 16
17  Xylene 221 536 12 134 12 1-heptanol 522 8 216 129
18 1-hexanol 28 41 153 109 13 2-octanone 577 6 224 13
19  Cyclohexanol 236 87 175 12 44 Decane 581 83 12 18
20  Styrene 248 108 135 117 15 (R)-(+)-limonene 616 945 152 1

21 Cyclohexanone 250 11 12 13 16 3-octanol 650 7 216 126
22 2-heptanone 260 6.7 20 114 47  Nonanal 749 123 215 136
23 Anisol 264 11 223 12 13 Undecane 752 11 16 16
24 Hoptanal 300 10 127 134 19 1-octen-3-ol 805 105 20 1.81
25 2.5-hexadione 305 114 168 18 50  Dodecane 812 11 16 157
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Figure 3.22 2-D contour plot of the 50 VOCs generated with the portable 1x4-channel
GC x GC device.

3.4.4 System performance evaluation

The GC x GC peak capacity is defined as:

NGexge=Nixng,

(3.13)
where ni and n; are the peak capacities for 'D and °D, respectively. With a chromatographic

resolution Rs of 1, (3.13) can be written as 16

nacxae = 0.35-("te/'FWHM) x (CPv/2FWHM) (3.14)

where 'tr is the analyte retention time in 'D, 'TFWHM and ’FWHM are the FWHM s in 'D
and 2D, respectively, Py is the modulation period, and C is the number of 2D channels.

Correspondingly, the peak capacity production is as follows 63

l’chch/ltR =0.35/'FWHM x (CPM/ZFWHM) (3 ]5)
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We evaluate the 1x4-channel GC x GC performance using three example analytes: 2-
ethoxyethyl acetate, benzaldehyde, and dodecane. Table 3.4 presents the peak capacity and peak
capacity production of 2-ethoxyethyl acetate, benzaldehyde, and dodecane. The peak capacity
production ranges from 40/min to 80/min, which is similar to values obtained by conventional GC
x GC 147:163-166 For comparison, the peak capacity productions for benzaldehyde and dodecane in
a hybrid pGC x pGC system are 31/min and 14/min, respectively, (assuming 'FWHM is 17.5 s
and 12 s for benzaldehyde and dodecane, respectively).

Table 3.4 Calculation of peak capacity and peak capacity production of the portable
1x4-channel GC x GC device based on equation (3.14) and (3.15)

Analyte tr 'FWHM FWHM DgexGe Ngexed R
#29 2-ethoxyethyl acetate 333 s 728 128 430 77/min
#33 Benzaldehyde 401 s 9s 1.1s 455 68/min
#50 Dodecane 812s 11s 1.57s 526 40/min

3.5 Conclusions

Compared to conventional GC x GC, our GC x GC design has several advantages. First, in
conventional GC x GC, the 2D separation time is limited by the short modulation period (to avoid
wrap-around), thus resulting in lower 2D peak capacity. In contrast, our multiple channel design
allows for much longer separation times, resulting in significantly increased *D peak capacity.
Second, in conventional GC x GC, the 'D elution peaks are not detected directly. Instead, they are
reconstructed using the modulation period and information obtained by the detector at the end of
the D column. This leads to deteriorated resolution (and hence lower 'D peak capacity) '4’. In
contrast, in our GC x GC, uPID 1 monitors elutions from the D column so that the elution peaks
in 'D can be reconstructed more accurately, thus increasing the 'D peak capacity. Third, this system

uses a uDS and uTI for modulation, focusing, and injection of analytes. These devices are
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mechanically robust and can be operated at room temperature without the need for a TEC.
Furthermore, neither coating bleeding nor analyte breakthrough occurs. Fourth, our GC x GC
system is highly scalable, and additional uDSs, uTIs, PIDs, and 2D columns can be easily used.
Finally, this system exhibits high versatility and can operate in heart-cutting mode (rather than GC
x GC mode) with minimal modification (in control software). The major challenges that still
remain in in this multi-channel GC x GC are higher system complexity and requirement PID
calibration '%7.

In summary, we have developed a new, fully automated, portable 1x4-channel GC x GC
device. The device is compact (60 cm % 50 cm % 10 cm, and < 5 kg), robust (uWTI and uDS),
provides rapid analysis (50 VOCs in 14 minutes), and provides excellent peak capacity and peak
capacity production. This system can be used for a plethora of field applications, such as in-situ
continuous environmental monitoring, workplace safety monitoring, industrial in-line monitoring,

food and agriculture analysis, and breath analysis.
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Chapter 4  Rapid Breath Analysis for Acute Respiratory Distress Syndrome Diagnostics

Using a Portable 2D GC

Reprinted by permission from Springer Nature Customer Service Centre GmbH:
Springer Berlin Heidelberg, Analytical and Bioanalytical Chemistry (2019) 411: 6435, “Rapid
breath analysis for acute respiratory distress syndrome diagnostics using a portable two-
dimensional gas chromatography device.” by Zhou, M., Sharma, R., et al., Copyright 2019.

4.1 Introduction

Acute respiratory distress syndrome (ARDS) is an inflammatory condition of the lung
producing severe lung damage. It is one of the most severe forms of acute lung injury and
responsible for high mortality (40%) and long-term morbidity'®17°. An estimated 200,000
Americans develop ARDS each year, of which more than 74,000 cases are fatal'®®. Patients who
survive ARDS experience long-term deficits in physical and neurocognitive function'’!"'72, Both
primary hospitalizations and increased health service utilization among survivors are associated
with high healthcare costs!®® '"!. For example, the average cost of an Intensive Care Unit (ICU)
patient requiring mechanical ventilation ranges between $7,000 and $11,000 per day with an
incremental cost of $1,000-1,500 per day for mechanical ventilation'”?.

Numerous predisposing factors for ARDS have previously been identified (e.g., sepsis,
aspiration, and trauma)'’*. However, our understanding of patient susceptibility to ARDS is
incomplete and disease onset is poorly predicted by current risk models. Among patients with
multiple established risk factors, the majority do not develop ARDS, while a minority develop
severe, life-threatening disease!”>"'"®, The most commonly used ARDS risk model (Lung Injury

Prediction Score, LIPS) has strong negative predictive value (97%) and is effective at identifying
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patients at low risk for ARDS, but has a weak positive predictive value (18% implying poor

ability to predict disease onset. The clinical diagnosis of ARDS is established based on the
radiological, physiological, and clinical criteria summarized in the Berlin definition (Table 4.1)!7°.
However, these criteria show only a moderate correlation with real time and post-mortem tissue

177178 and temporally lag the acute, dynamic inflammatory processes

pathological findings
responsible for ARDS. Thus the Berlin criteria cannot be used for early diagnosis and trajectory
monitoring of ARDS. Therefore, there is a significant unmet clinical need for early, rapid detection

and diagnosis, as well as clinical trajectory monitoring of ARDS.

Table 4.1. The Berlin Definition of Acute Respiratory Distress Syndrome (ARDS).

Acute Respiratory Distress Syndrome

Timing Within 1 week of a known clinical insult or new worsening respiratory
Ssymptoms

Chest imaging (Chest Bilateral opacities — not fully explained by effusion, lobar/lung collapse, or
radiograph) nodules

Origin of edema Respiratory failure not fully explained by cardiac failure or fluid overload.
Need objective assessment (e.g., Echocardiography) to exclude hydrostatic
edema if no risk factor is present.

Oxygenation

Mild 200 mmHg < Pa0,/ FiO, < 300 mm Hg with PEEP or CPAP > 5 cm H,O
Moderate 100 mmHg < PaO,/ FiO, <200 mm Hg with PEEP > 5 cm H,O

Severe Pa0,/ FiO, < 100 mm Hg with PEEP > 5 cm H,O

Abbreviation: CPAP, continuous positive airway pressure; FiO», fraction of inspired oxygen; PaO-,
partial pressure of arterial oxygen; PEEP, positive end-expiratory pressure.

Exhaled breath condensate (non-volatile compounds) of ARDS patients have been studied
actively for years to aid in understanding the natural history, pathophysiology, and prognosis of
ARDS!"180 For example, a novel and non-invasive sampling method using a heat-moisture
exchanger (HME) filter'®' was recently developed to accurately sample the distal airspace in
patients with ARDS. The HME filter is an inline hygroscopic sponge placed between the patient
and the ventilator; the moisture from the patient’s exhaled breath condenses on this filter. The filter
is changed every few hours, at which time condensed fluid can be collected from the used filter
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and analyzed using liquid chromatography coupled tandem mass spectrometry (LC-MS). While
potentially useful in ARDS diagnosis, this technology is focused on proteomic analysis of the
breath condensates and requires long analysis times.

Hundreds of volatile organic compounds (VOCs) are also contained in exhaled breath.
Many VOCs (such as pentane, isoprene, and ethane) are related to inflammatory processes
occurring in the lungs and systemically in blood from remote organ injury'3?"'®°. These and other
VOCs could potentially be used as biomarkers to predict the onset and severity of certain critical
lung diseases such as ARDS as well as systemic inflammation such as sepsis. These VOCs also
have potential in guiding therapy if simultaneous, precise, real-time measurement can be
performed!®6-1%°_ Unlike blood-based analysis, breath is unlimited in its sampling potential and can
be noninvasively and continuously collected and analyzed. Technologies designed for the real-
time analysis of VOCs in a point-of-care (POC) fashion could allow for the identification of
breathomic signatures that enable the early diagnosis of ARDS, stratification, and trajectory
monitoring, allowing for precision treatments.

Table 4.2 summarizes the major technologies used in breath analysis. A more
comprehensive overview of the different technologies can also be found in Saalberg et al.!*® and
Cao et al.”!. Gas chromatography in tandem with mass spectrometer (GC-MS) is the gold standard
for the analysis of complex vapor mixtures such as breath samples. In practice, breath from a
subject is collected in a thermal desorption tube or sampling bag, and then transferred to GC-MS
by thermal desorption device or by solid phase microextraction (SPME). Comprehensive 2-
dimensional (2D) GC has improved the peak capacity over the traditional GC'**"13, VOC analytes
are subject to two independent separation processes, first by their vapor pressures in the 1°-

dimensional column and then by their polarities in the 2™-dimensional column. It has also been
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used for detection of diseases such as cancer, tuberculosis and human volatome!**'%. Due to the
bulky size and the long turn-around times, GC-MS and comprehensive 2D GC are not suitable for
POC applications and cannot be used to continuously monitor the subject to detect dynamic
changes. SIFT-MS (selected-ion flow-tube mass spectrometry) and PTR-MS (Proton Transfer
Reaction tube mass spectrometry) has high sensitivity and can be used for real time breath VOC
monitoring'®”!*°. However, the bulky size, heavy weight (>200 kg), and high cost limit its wide
acceptance. lon mobility spectrometry (IMS)!% 209201 can be operated under ambient pressure,
thus avoid the use of a cumbersome vacuum pump. The portability and short analysis time (usually
a few minutes) makes IMS suitable for POC application. Recently exploratory tests using FAIMS
(Field Asymmetric Ion Mobility Spectrometry) technology in diagnosis of lung cancer, asthma,
and inflammatory bowel disease have been reported!®* 2!, However, its limited VOC separation
capability may affect the diagnostic accuracy. Electronic nose (e-Nose) relies on various vapor
sensor arrays (such as colorimetric, gold nanoparticles, carbon nanotubes) and pattern recognition
for breath analysis!®® 292293 Although portable, fast and easy to use, E-nose has poor chemical
selectivity, device-to-device repeatability, and stability, as well as high susceptibility to
background or interference VOCs!8818% Portable GC systems are also used in breath analysis 2%,
However, current commercial portable GC systems are 1D devices and have limited separation
capability (or peak capacity), which, again, may affect the diagnostic accuracy for given diseases.
In addition, most of the 1D GC devices are not customized to operate in a fully automated mode,

which hinders its clinical applications.

Table 4.2. A Summary of Breath Analysis Technologies.
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Suit-

Analysis  Instru- Sampling able for
Method  ment Method LOD Time Advantages Limitations POC
Benchtop GC- Sorbent pptt  Long  Most widely Bulky size; No
G(C205-206  ETD/TCD?; trap used; Heavy weight;
GC-MS; SPME High separation Dedicated
GCxGC- capability; personnel needed;
MS; Compound Sample
identification preparation
available; needed;
Selected  SIFT-MS Direct ppb®  Real Rapid analysis;  Bulky size; No
Ion Flow input to time High Heavy weight;
Tubel?7- ppt sensitivity; High cost;
199 Allow breath-  Dedicated
by-breath personnel needed;
analyses;
No sample
preparation
needed;
Proton PTR-MS Direct ppb  Real Rapid analysis;  Bulky size; No
Transfer input to time High Heavy weight;
Reaction ppt sensitivity; High cost;
207 Allow breath- ~ Dedicated
by-breath personnel needed;
analyses;
No sample
preparation
needed;
Ion FAIMS® Direct ppm Short  Portable; Low separation Yes
Mobility input hto Fast; capability;
Spectro- ppb No sample Background VOC
metry!%% preparation interference;
200-201 needed;
Electro-  AuNPsS; Direct ppm Short Easy to use; Low separation Yes
nic CNTs: input to Highly capability;
Nose 188 CPsS; ppb portable; Sensors drift
202-203 Color- Low cost; overtime;
metric; No sample Background VOC
preparation interference;
needed;
Portable  Portable Sorbent sub- Moder Portable; More complicated Yes
G208 GC; trap ppb  ate Fully than 1D portable
Proposed automated; GC
portable High separation
2D GC; capability and
sensitivity;
No sample
preparation
needed;
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2 Flame ionization detector/Thermal conductivity detector

® Field Asymmetric Ion Mobility Spectrometry

¢ Gold nanoparticles

4 Carbon nanotubes

¢ Conducting polymers

f parts-per-trillion, 1072

¢ parts-per-billion, 107

b parts-per-million, 10

We have developed a fully automated portable GC device with a sub-ppb sensitivity that
can be operated simultaneously as a 1D GC and comprehensive 2D GC?%. The 2-dimensional
separation allows for further separation of co-eluted peaks that are not separated from the 1°-
dimensional column. The aim of this study was to further adapt this portable GC for use on a
mechanical ventilator in ICUs and develop related algorithms for rapid analysis of breath from
patients undergoing mechanical ventilation. This would allow us to understand our method’s (GC
and algorithms) ability to detect the presence of ARDS and compare it to clinician adjudication.

Figure 4.1 is a schematic of the GC device connected to a ventilator. In our work, breath
was collected and analyzed every 33 minutes via a small tube connected to the exhalation port of
the ventilator. A total of 97 peaks were separated out from human breath. Through principal
component analysis (PCA) and linear discriminant analysis (LDA), 9 out of 97 peaks were selected
as a VOC subset for discrimination between ARDS and non-ARDS respiratory failure. 48 ARDS
and non-ARDS patients with a total of 85 different breath chromatograms were evaluated. From
the 48 patients, we used 28 patients (43 sets of breath) as the training set and 20 patients (42 sets
of breath) as the testing set. Using blind physician adjudication of patient records based on the

Berlin criteria as the gold standard, our breath analysis achieved an overall accuracy of 87.1% with

94.1% positive predictive value and 82.4% negative predictive value.
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Figure 4.1. Schematic of a portable GC device for breath analysis from a patient on a
mechanical ventilator.

4.2 Portable 2D pnGC system for breath analysis
4.2.1 Device components and operation

Materials

DB-1ms Agilent J&W, nonpolar column (length 10 m, i.d. 250 um, film thickness 0.25
um) was purchased form Agilent Technologies (P/N: 122-0162, Agilent Technologies).
SUPELCOWAX® 10 polar column (length 3 m, i.d. 250 um, film thickness 0.25 pm) was
purchased from Sigma Aldrich (P/N: 24077, Sigma-Aldrich). Copper tube (length 10 cm, 1.d. 1
mm, o.d. 1.5 mm) was purchased from Swagelok and glass wool was purchased from Sigma
Aldrich. Teflon tape was purchased from Grainger (Ann Arbor, MI). Shrink tube was purchased

from Digi-Key Electronics. Other materials are the same as those described in Section 3.2.
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Device components

Various microfabricated components were used in the portable 1 x 2 channel 2D GC
device, including a thermal desorption tube, micro-fabricated thermal injector (uWTI), micro-Deans
switch (uDS), and micro-photoionization detector (uUPID). All of these components were
fabricated and characterized in-house. The details of the puTI, uDS, and puPID can be found in
Section 3.2.The thermal desorption tube was made of a 5 cm long copper tube with an inner

diameter of 1 mm. 10 mg each of Carbopack™

X and B granules were loaded into the hollow,
cylindrical copper tube using a diaphragm pump. Glass wool was used to separate the Carbopack™
X and B as well as to seal the copper tube from both ends. Swagelok fittings were used to connect
a stainless steel tube of i.d. 250 pm at both the ends of the copper tube. Nickel wire was wrapped
around the entire length of the copper tube for column heating. The nickel wire was insulated from
the copper tube using Kapton tape. A type K thermocouple was attached to the copper tube using
Kapton tape to monitor the temperature in real time. Finally, the thermal desorption tube was
preconditioned at 300 °C for 12 h under helium flow.

The portable 1 x 2 channel 2D GC device is similar to the 1 x 4 channel 2D GC device
described in Section 3.2. As illustrated in Figure 4.2, the 2D GC consisted of a sampling module,
a 1%-dimensional separation module, and a 2"-dimensional separation module. The sampling
module consisted of a sampling tube, a thermal desorption tube loaded with Carbopack™ X and
B, valves, and a pump. The 1%-dimensional module consisted of a pTI loaded with Carbopack™
X and B, a 10 m long Agilent J&W DB-1ms, and a uPID. The 2"-dimensional module had two
identical channels consisting of a uTI, a 3 m long SUPELCOWAX® 10 column, and a pPID. The

eluent from the 'D column was transferred to one of the 2D columns via a uDS. All the modules

and components were connected via tubings, universal connectors, and Y-connectors. The entire
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device was housed in a customized plastic case (see Figure 4.3) and had a total weight less than 5
kg, including the weight of the He gas cartridge (231 g). LabVIEW™ based software was
developed in-house for the user interface, device control, and automation.

The portable GC can be operated as a 1D GC alone (in which case the 2"¢-dimensional
module was disabled or detached) or comprehensive 2D GC. Operation as 1D GC is
straightforward (the same as a regular GC). Operation as comprehensive 2D GC is described
below.

Device operation

Figure 4.2 shows the layout of the portable 1x2-channel 2D GC and its flow direction. The
2D GC device consisted of three detachable modules: sampling module, 1%-dimensional separation
module, and 2"-dimensional separation module. The 1%-dimensional module further consisted of
a home-made micro-thermal injector (uTI), a 10 m long on-polar DB-1ms column (250 pm x 0.25
um, Agilent J&W Scientific), and a home-made micro-photoionization detector (uPID)*'°. The
2"d_dimensional module consisted of two identical channels, each of which had a 3 m long polar
SUPELCOWAX® 10 column (250 pm x 0.25 um, Sigma Aldrich). Note that while polar columns

have been used in the 2"-dimensional column in 2D GC analysis of breath!**1%

, mid-polar
columns can also be used'*®. The 1x2-channel 2D GC can be operated as a 1D GC alone when the
2"d_dimensional module is either disabled or detached or as comprehensive 2D GC. To increase
the separation capability, in this work we chose to operate our portable GC in a comprehensive 2D
GC mode, which required additional but negligible 20 seconds compared to 1D GC operation
alone. In the comprehensive 2D GC mode, eluted analytes from the 'D column were sliced by the

micro-Deans switch, loaded onto the one of the uTIs (UTI 2A or uTI 2B in Figure 4.2), then

injected into the corresponding *D column (D column 2A or 2D column 2B in Figure 4.2). The
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modulation time was 10 seconds, yielding a maximal separation time on each 2D column of 20
seconds??’. The 'D column was temperature programmed from 25 °C held for 2 min to 80 °C with
a ramping rate of 10 °C/min. The temperature was then raised to 120 °C with a ramping rate of 20
°C/min and finally kept at 120 °C for 4 min. Both ?D columns were kept at 75 °C. In our 1x2-
channel 2D GC, we used 3 flow-through pPIDs, one at the end of the 'D column (uPID 1 in Figure
4.2) and two at the end of the *D columns (uPID 2A and pPID 2B in Figure 4.2). The use of a
detector at the end of 'D column allows us to monitor the elution of the analytes from the 'D
column to produce the 1D chromatogram (if the GC device is operated as 1D GC alone) or to avoid
potential under-sampling that may be caused by the 10 s modulation time (if the GC device is

operated as comprehensive 2D GC).

Sampling module 2md-dimension module

I
A [ 1

2-port 3-port 2D column 2A
) valve valve
Sampling tube Helium
> =
WTI2A pPID 2A

I = |l=
o m) O omn WPID |

3 port uTI 1 wDeans 2D column 2B

valve Thermal switch
desorption tube ﬁ

— Sampling pTI 2B uPID 2B
——— Analyzing

Figure 4.2. Layout of the portable 1x2-channel 2D GC device. It consisted of three
detachable modules: sampling module, 1st-dimensional separation module, and 2nd-
dimensional separation module.

Operation of the portable GC in comprehensive 2D GC mode and relevant parameters are

described as follows.
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(1) Sampling: The exhaled breath of the patient was drawn by the diaphragm pump
through the 2-port valve at a flow rate of 70 mL/min for 5 min and adsorbed by the thermal
desorption tube.

(2) Desorption and injection: The 2-port valve was closed and helium gas was flowed
through the 3-port valve at a flow rate of 2 mL/min, simultaneously the thermal desorption tube
was heated to 300 °C for 5 min to transfer the analytes onto the uTI 1. After 5 min, uTI 1 was
heated to 270 °C in 0.6 s, then kept at 250 °C for 30 s for complete thermal desorption and injection
of the analytes into the 'D column.

3) Separation: The analytes underwent separation through the 10 m long 'D column
and were detected by pPID 1. During separation, the column was kept at 25 °C for 2 min, then
ramped at a rate of 10 °C min! to 80 °C, followed by ramping at a rate of 20 °C min ™" to 120 °C,
and finally holding at 120 °C for 4 min. The flow rate was 2 mL/min for the 'D column.

We used a modulation period of 10 s to inject the eluent from the !D column into
the 2D columns. The first 10 s long slice of the eluent from the 'D column was routed to and trapped
by uTI 2A. uTI 2A was then heated to 270 °C in 0.6 s, then kept at 250 °C for 5 s to inject the
trapped analytes to Column 2A. Concurrently, the second 10 s long slice of the eluent from the 'D
column was routed to and trapped by puTI 2B, which was subsequently injected into Column 2B.
The same process was repeated between Columns 2A and 2B alternatively throughout the analysis.
Analytes underwent 2D separation through one of D columns (held isothermally at 75 °C) and
were detected by uPID 2. The helium flow was 3 mL/min for each of 2D columns.

4) Cleaning: After analysis, the outlet of pTI 1 was disconnected from the inlet of the
'D column so that it was open to the ambient air. The thermal desorption tube was then heated to

300 °C for 5 min followed by heating uTI 1 to 270 °C in 0.6 s and holding at 250 °C for 30 s at a
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helium flow rate of 25 mL/min. This process was repeated twice in order to completely remove
residual analytes (if any) trapped in the thermal desorption tube and pTI 1. Cleaning of uTI 2A
and 2B was not needed. The total assay time was 33 minutes, which included 5 minutes of sample
collection, 5 minutes of desorption/transfer, 13 minutes of separation, and 10 minutes of cleaning.

Multiple pPIDs were used to measure the analytes eluted from the 'D column and 2D
columns. The responsivities of these uPIDs may be different due to variations in aging and
amplification. During the experiment, pPID 2A and 2B were calibrated against uPID 1 using
toluene (50 ppb), as discussed in detail in Section 3.3. This calibration was carried out
approximately every 300 hours of operation.

Operation of the portable GC as a 1D GC is similar to the steps in (1)-(4) above, except
that the inlet of the uDS is detached from the outlet of pPID 1. Alternatively, the 2"%-dimensional

module may be powered off.
4.2.2 Patient tests

Patient enrollment criteria and ARDS adjudication

This study was approved by the University of Michigan Institutional Review Board (IRB)
to consenting adult patients 18 years or older undergoing mechanical ventilation for both hypoxic
and non-hypoxic respiratory failure or requiring mechanical ventilation for other life-support
issues in various intensive care unit settings. Etiologies for the need for intubation and mechanical
ventilation included ARDS, pneumonia, sepsis, pulmonary embolism, traumatic brain injury,
cardiac arrest, severe chronic obstructive pulmonary disease exacerbations, or combinations of
these conditions.

The final diagnosis of ARDS was adjudicated retrospectively by a multi-physician panel

blinded to portable GC data. The adjudication was based on the Berlin Criteria!’®, which relies on
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a combination of medical history, chest radiography findings, and oxygenation parameters'’®.
Details regarding this ARDS adjudication process have been previously reported®'!.

An adjudication was performed on each day each patient was studied using the portable
GC. If a patient was studied at more than one-time point, a separate adjudication was made on
those days. The adjudication of ARDS was binary (present/not present) and no attempt was made
to score ARDS (if present) as mild, moderate, or severe. If patient subjects were successfully
liberated from mechanical ventilations, no additional GC testing was performed.

In order to identify and populate the algorithm with breath signatures from individuals with
no acute illness or injury requiring mechanical ventilation, we also recruited five laboratory
members with no history of pulmonary conditions or acute illnesses as volunteer controls (denoted
as Patients #1, 2, 3, 4, and 38 in Figure 4.9, Figure 4.13 and Figure 4.16). Their breath samples
were collected in Tedlar bags through a moisture filter and immediately withdrawn into the GC
device for analysis. Patients #1, 2, 3, and 4 were used in the training set, while Patient #38 was
used in the testing set.

A total of 21 ARDS patients and 27 non-ARDS control patients were recruited for 85 sets
of breath chromatograms.

IRB Statement: This clinical research study (HUMO00103401) was approved by the
University of Michigan Medical School’s Institutional Review Board (a component of the
University of Michigan’s Human Research Protection Program). Consent was required from
patient subjects or their legally authorized representative prior to enrollment.

Breath sampling via mechanical ventilator
As shown in Figure 4.3, patient breath was collected via 2 m long polytetrafluoroethylene

(PTFE) tubing (0.64 cm i.d.) connected to the exhalation port of the ventilator. In order to maintain

99



not to break the already-established respiratory circuits of the patients, we used direct sampling
(sampling from the ventilator exhalation port) rather than end-tidal air collection (in which a CO»
sensor is needed close to the tracheal tube to monitor the real time CO» concentration). As a result,
the collected breath sample contains some dead space volume. The sampling rate was 70 mL/min
and the sampling time was 5 minutes.

During measurement, the device was secured on a rolling cart (see Figure 4.3) and placed
outside the ventilated patient’s room. 2 m long PTFE tubing (0.64 cm i.d.) was used to connect the
output of the ventilator to the GC device, through the 7.6 mm port of a 22M-22F straight connector
(Figure 4.3). The straight connector was discarded after a single use and the PTFE tube was cleaned
(rinsed with 70% 2-propanol, then flushed with deionized water, and finally dried with pressured
air to eliminate pathogenic microorganisms and remove residual VOCs) after each sampling to
avoid patient-to-patient transmission as well as cross contamination between patient breath

samples.
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Figure 4.3 The portable MDGC device and connection to mechanical ventilator. The
portable GC was connected to the output of a ventilator via 2 m long PTFE tubing (0.64 cm
i.d.). The portable GC weighed less than 5 kg. Patient breath was drawn into and captured
by the thermal desorption tube in the GC device at a flow rate of 70 mL/min for 5 minutes.
The total assay time was 33 minutes, which included 5 minutes of sample collection time, 5
minutes of desorption/transfer time, 13 minutes of separation time, and 10 minutes of
cleaning time.

4.2.3 Chromatogram analysis
2D chromatogram pre-processing and reconstruction

Following analysis completion, two-dimensional gas chromatograms were generated from
all three channels’ (1D, 2A, 2B) PID signals. The signals from each channel were first
preprocessed for baseline correction and peak detection. After preprocessing, all 2D peaks were
traced back to corresponding 'D peaks based on the 'D period they were sampled from so that both
'D and 2D retention times and peak shapes could be found. Third, the 'D chromatogram was

aligned to the reference chromatogram to fix the 'D retention time drift. Finally, the two-
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dimensional gas chromatogram for each peak was generated by multiplying its 'D peak shape by

its 2D peak shape. Combining all individual peak’s two-dimensional gas chromatogram yielded

the completed two-dimensional gas chromatogram. All algorithms were implemented in the

Matlab™ programming environment with a user-friendly graphical interface. The detailed

algorithms are described as below:

(1) Baseline correction: Gas chromatogram baselines drift slowly due to column bleeding at high
temperatures, flow fluctuation, and detector performance. This baseline drift can negatively
affect quantitative analytical results and should be corrected before performing further data

212

analysis“'~. We use adaptive iterative reweighted Penalized Least Squares (airPLS) algorithms,

developed by Zhang et al.?!?

, which iteratively change weights of sum squared errors (SSE)
between the original signals and fitted baseline until the termination criteria is met. This
method requires no user intervention and has previously been applied to chromatograms,
NMR, and Raman spectra.

(2) Peak detection: After baseline correction, peak detection is applied to both 'D and *D
chromatograms. Peak apexes are found via a method developed by Morris et al.?!'. The signal
is first denoised via wavelet regression using the undecimated discrete wavelet transform
(UDWT), then scanned for all local maxima and associated peak endpoints. Peaks that do not
meet the peak height and FWHM criteria are eliminated 2!42'®. Once the peak apexes are found
(including single and co-eluted peaks), peak shapes are fitted by the exponentially modified
Gaussian (EMG) model. This peak fitting method has been described previously'.

(3) Peak assignment: Within each modulation, the 'D peak will be injected into either a 2A or 2B

subsystem. Each 2D peak is assigned to one or multiple 'D peak IDs, depending on the total

number of peaks within each modulation. For each individual peak, multiplying its 'D peak
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shape by its normalized 2D peak shape yields a two-dimensional chromatogram for this
individual peak.

(4) Peak alignment: Gas chromatograms may contain distortions of retention times due to column
aging, changes in temperature, or other unknown deviations in instrumental conditions.
Fluctuations in retention times across various measurements obscure statistical analysis and
discovery of relevant patterns in the data®'. Since retention time shifts are observed in our 'D
chromatogram, we applied the correlation optimized wrapping (COW) algorithm??° for peak
alignment. This method is a piecewise or segmented data preprocessing method (operating on
one sample record at a time) aimed at aligning a sample data vector towards a reference vector
by allowing limited changes in segment lengths on the sample vector. The output of this
method contains the correlation between the reference chromatogram retention time and the
new chromatogram retention time. With this correlation, a shift time can be found for each
peak based on its original retention time and the single peak two-dimensional gas
chromatogram can be shifted on the 'D based on this shift time.

(5) Summation of individual two-dimensional chromatograms: Adding all individual peaks’ two-
dimensional chromatograms together after applying the shift time yields the complete two-

dimensional chromatogram.

With these steps, a 2D chromatogram can be generated for each patient’s breath, which can
be converted to a table of peak areas at different retention times. The 'D and 2D retention times
are defined by the peak identity, while the peak area is defined by the breath VOCs’ abundance.
Relevant peak selection

While more than 1200 VOCs are currently known to exist within human exhaled breath

(typical patient breath contains 150-200 VOCs), not all of these breath VOCs are relevant to
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ARDS. For example, some of the peaks may be from the indoor air background, normal metabolic
activities, or other patient conditions. These irrelevant peaks interfere in the correct classification
of ARDS and non-ARDS groups. We therefore developed a machine learning based algorithm to
select relevant peaks from all breath VOCs and use these relevant peaks for ARDS diagnosis.

To distinguish ARDS and non-ARDS patients based on their breath chromatograms, linear
discriminant analysis (LDA) was applied to find a linear function that could be used to separate
these two groups. LDA can only be applied if the number of samples (patient chromatograms) is
much larger than the number of features?! (i.e., the number of VOCs, which was 97 in our study).
To overcome this limitation and to decrease the computational complexity of the pattern classifier,
principal component analysis (PCA) was applied prior to LDA to reduce the dimensionality of the
feature space. Since PCA is an unsupervised dimensionality reduction method, it only performs a
linear mapping of the data to a lower-dimensional space in such a way that the variance of the data
point is maximized. Direct application of PCA to the overall VOC dataset, the VOCs relevant to
ARDS may get overlooked and the interference VOCs that have bigger variance among patients.
Therefore, to produce the best classification result with PCA-LDA, it is critical to find the features
(VOCs) that are relevant to ARDS and discard all other interference features. The detailed
algorithm is described as follows:

Step 1. Generation of possible peak subsets

We first assume that there are a total of m different peaks found in all patients’ 2D
chromatograms with different quantities. For a particular patient, not all m peaks are present. The
quantities of those missing peaks are assigned to 0. All m peaks and their quantities form the entire

dataset and can be expressed as:
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where x; is the quantity of the j* peak of the i’ patient. In total, there are m peaks and p
patients. We further assume that there are N peaks relevant to ARDS and non-ARDS classification.
Consequently, there are CY possible peak combinations (subsets) that can be selected from the

dataset in Equation (4.1). One such subset can be written as:

<x1k1 o X1k )
oo ) (4.2)
xpk1 o xpkN

where (kq, k,, ..., ky) is the subset formed by N peaks.

Step 2. Criteria of peak subset selection

PCA was first used for data reduction of the N peak VOC subsets. LDA was then applied
to the primary two principal component scores for classification. The total accuracy (true positive
plus true negative rate) of classification was used as the criteria for peak subset relevancy to ARDS.
For each possible peak subset, PCA was first applied to the p-by-N dataset to produce p-by-N
principal component scores. Then, the primary two principal component scores (p-by-2) and the
classifier (1 as ARDS and 0 as non-ARDS) for each patient were used to train an LDA model and
yield a linear boundary between the ARDS and non-ARDS groups. The total accuracy (number of
patients falling in the correct side of the boundary divided by the total patients) was calculated and
used as the criteria of the relevancy of this VOC subset. Equations (4.3) and (4.4) illustrate the

methods and processes described above.

xlkl cee xlkN pea 511 cee SlN
: : _ : ‘. : , (43)
Xpky " Xpky Spr " Spn

where s;; is the j th principal component score of the it patient.
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where c; is the classifier (1 for ARDS and 0 for non-ARDS) of the it" patient. Finally, the
peak combinations (i.e., subsets) with the highest accuracy were selected. For each of these
selected peak combinations (subsets), the patients’ coordinates on the PCA plot were determined
by their principal component scores. The mean distance of the closest patients (closest 20%) to the
boundary line, normalized by the mean distance, was calculated. The peak subset with highest
boundary distance was chosen as the optimal peak subset.

Step 3. Iterative peak subset selection

Since human breath is a complex mixture, the total peak number m is large and the total
number of possible combinations of peaks (i.e., peak subsets), ¥"_, CN is enormous. As a result,
it requires a great amount of computation time to evaluate all the peak subsets. To expedite the
selection process, we started with peak subsets formed by a small number of peaks (e.g., n peaks,
which resulted in C}}; subsets to be evaluated). Once the most relevant peak subset was determined,
more peaks were added to this selected subset, aiming to achieve higher accuracy.

Assuming that there are n’ more peaks that are relevant to ARDS (n’ is another small
number of VOCs in order to save computation time), C;t_,, possible peak combinations (subsets)
can be found and added to the previously optimized VOC subset to form a new peak subset, i.e.,

X1k, - X1k, X1, 7 X1l
( oo P ) (4.5)
Xpk, = Xpk, Xpi, " Xpi,

where (l4, I, ..., l,,,) is the peak subset with n’ peaks.

With this new peak subset, PCA and LDA were applied to calculate the accuracy and the
boundary distance. If the classification accuracy increased or the boundary distance increased, the
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n’ peaks were kept and more peaks out of m-n-n’ peaks would be added iteratively in the same
manner described above. If accuracy no longer increased or the boundary distance no longer
increased, then the iteration process was ended, and the final optimal peak subset was determined.

A flow chart of the subset selection process is provided in Figure 4.4.

Original optimal Generate a series of peak subsets, each p|Calculate accuracy of]
peak subset containing n’ new peaks each subset

l

Find the new optimal
peak subset

Accuracy
increases?

Discard the most recent n’ peaks
Final optimal peak subset determined

Figure 4.4. Tterative peak subset selection procedure.

Step 4. Training and testing with ARDS and non-ARDS patients

The entire patient data set was divided into two sets: training set (p patients) and testing set
(g patients). The training set was used to select the optimal peak subset for best classification and
to determine the linear boundary, whereas the testing set was used to validate the selected subset
and the boundary on the PCA plot.

Assuming the final optimal peak subset contains N peaks, PCA analysis yields an N-by-N

PCA coefficient and a linear boundary line between ARDS and non-ARDS groups.

xt%kl xt{klv PcA <Coeff11 Coeffuv)

Xepks 7 Xtpky Coeffy1 - Coeffun
(4.6)
Stq1 7 SuyN
and H N H
Stp1 " SN

107



where (tl, ta) . tp) is the p training set patients.

Sti1 Sty2 Ct, LDA
: i Jwith| ¢ | = linear boundary (4.7)

St,1 Sty2 Ct,

With the N-by-N PCA coefficients acquired from the training set, the PC scores of the
testing set can be calculated by multiplying the PCA coefficients by the N peak subset for all
testing patients. With the linear boundary line acquired from the training set, the final classification

accuracy can be calculated.

xvlkl oee lekN Coeffll ves Coefle yields S'Ull eee Sle

S : ; : — | (4.8)
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where (vl, Vg, wee) vq) is the q testing set patients;

Sv11 51712 ,

. . i yields L .

with linear boundary —— final classification accuracy (4.9)

qul quz

4.3 Breath chromatograms
4.3.1 System peak capacity

Table 4.3 lists the peak capacities estimated from three example peaks. For GC X GC, the
peak capacity is defined as ngcxgc = Ny X Ny, where n; and n, are the peak capacities for 'D and
2D, respectively?”. The conventional method for calculation of peak capacity using 46 - bottom-

to-bottom-width w,; is given by: n,, = (ts/wi,)(CPy/w2,), where C is the number of channels

in °D and Py is the modulation period. The peak capacities for three selected peaks are listed in
the table below as 1y .

Table 4.3. Peak capacities for the portable 2D GC calculated for three example peaks.
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1 1 2 2
Peak # tr Wi tr Wiy Nyg

16 1540s 48s 50s 1.5s 428
35 3157s 66s 6.0s 25s 383
58 5443s 70s 10.4 s 68s 229

tg: 1D retention time

t3: 2D -dimensional retention time

wi,: 1D peak width (4o - bottom-to-bottom)
w2, : 2D peak width (46 - bottom-to-bottom)
C: Number of 2D channels (in our case: C = 2)
Pm: modulation time (in our case: Pm = 10 s)

4.3.2 Chromatograms for ARDS and non-ARDS patients

Figure 4.5 shows the representative 1D and 2D chromatograms for an ARDS and a non-
ARDS control. Figure 4.5 shows that 2D GC provides additional separation capabilities compared
to the 1D GC (3-10 times higher in terms of peak capacity). In the zoomed-in 2D chromatogram
for the control patient, four co-eluted 'D peaks are separated into eight peaks in the 2D

chromatogram. Other zoomed-in portions of (b) and (d) can be found in Figure 4.5(i) and (j).
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Figure 4.5. (a)(b) Representative 1D chromatogram and 2D chromatogram for an
ARDS patient, respectively. (¢)(d) Representative 1D chromatogram and 2D chromatogram
for a non-ARDS (control) patient, respectively. (e) - (h) shows 4 co-eluted 'D peaks are
separated into 8 peaks in the 2D chromatogram. (i) Zoomed-in portion of (b). (j) Zoomed-in

portion of (d).
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Figure 4.6 shows that a total 97 peaks were found collectively in the 85 2D chromatograms
from the patients under study, among which nearly 70% of the peaks are co-eluted or partially
coeluted in the 'D column. Note that not all 97 peaks appear in a 2D chromatogram for a particular
patient, as some peaks are either not present in that patient’s breath or below the detection limit of
our uPIDs. Although our portable 2D GC does not generate as many peaks as the high-end bench-
top 2D GC in tandem with MS', it is still sufficient for distinguishing between ARDS and non-
ARDS as shown later. In total, among all recruited and adjudicated patients, we were able to

monitor 9 ARDS patients and 9 non-ARDS patients for multiple days.
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Figure 4.6. All 97 peaks found collectively in 85 breath samples from 48 patients
plotted in a 2D chromatogram, among which 18 pairs (36 peaks) are co-eluted and
approximately another 30 peaks are partially co-eluted (with doublets or triplets and
separation of adjacent peaks is less than 26) from the 'D column. Each dot represents the
center of a peak in the contour plot (see, for example, Figure 4.5, for a peak contour plot).
Note that not all 97 peaks appear in a 2D chromatogram for a particular patient.

Figure 4.7 shows, as an example, 2D chromatograms for an ARDS patient tested over 3
days, from which we can see clearly that breath VOC peaks change quantitatively (e.g., Peak #2

and #44). ARDS trajectory tracking is given in Figure 4.15.
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Figure 4.7. Evolution of the 2D chromatogram of an ARDS patient (Patient #11) over
3 days of monitoring.

4.3.3 Identified breath compounds: Mass Spectrometry analysis

To identify the VOC compounds contained in our breath samples, we coupled our GC
(operated in 1D mode) with a Thermo Scientific Single Quadrupole Mass Spectrometer (ISQ™
Series, from the Analytical Chemistry Lab at the University of Michigan Biological Station in
Pellston, Michigan) and analyzed several breath samples. The mass spectrometer (MS) data was
analyzed with Chromeleon™ 7 Software, and the details of the identified compounds are shown

in Figure 4.8, Table 4.4, and Table 4.5. Noted that only the 1* hits of the identified chemicals are

presented.
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Figure 4.8 MS identified peaks within human breath.
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Table 4.4 MS identified common peaks within human breath.

(;l;lz) Library Compound CAS # IVVIV Formula Structure

9 1,4-Dioxane-2,6-dione | 4480-83-5 | 116 | C4H404 0=C1COCC(=0)O1
38 Butane, 2-methyl- 78-78-4 | 72 C5H12 CCC(C)C

42 Isoprene 78-79-5 68 C5HS8 CC(=C)C=C

47 4-Penten-1-ol 821-09-0 | 86 | C5H100 0CCCC=C

53 Pentane, 2-methyl- 107-83-5 | 86 C6H14 CCCC(C)C

62 1-Pentene, 2-methyl- 763-29-1 | 84 C6H12 CCCC(C)=C

65 n-Hexane 110-54-3 | 86 C6H14 CCCCCC

72 1-Pentanol, 2-methyl- 105-30-6 | 102 | C6H140 CCCC(C)CO
115 Hexane, 3-methyl- 589-34-4 | 100 | C7HI6 CCCC(C)CC
137 Heptane 142-82-5 | 100 | C7H16 CCcccece

154 Cyclohexane, methyl- 108-87-2 98 C7H14 CCi1cccececl
158 1-Pentanol, 2-cthyl-4- 106-67-2 | 130 | CSHI8O CCC(CO)CC(C)C

methyl-

175 | Pentane, 2,2 3-trimethyl- | 564-02-3 | 114 | C8HI8 CCC(C)C(C)(C)C
197 | Ethane, 1,1,2-trichloro- 79-00-5 | 133 | C2H3CI3 CICC(CI)CI
209 | Pentane, 2,3,4-trimethyl- | 565-75-3 | 114 | CSHIS CC(C)C(C)C(C)C
214 | Pentane, 2,3 3-trimethyl- | 560-21-4 | 114 | C8HIS CCC(C)(C)C(C)C
221 Hexane, 2,3-dimethyl- 584-94-1 | 114 | C8HIS CCCC(C)C(C)C
230 Hexane, 3,4-dimethyl- 583-48-2 | 114 | C8HIS CCC(C)C(C)CC
239 Heptane, 3-methyl- 589-81-1 | 114 | CS8HIS CCCCC(C)CC
249 | Hexane, 2,2,4-trimethyl- | 16747-26-5 | 128 | C9H20 CCC(C)CC(C)(C)C
255 | Hexane, 2,2,5-trimethyl- | 3522-949 | 128 | C9H20 CC(C)CCC(C)(C)C
260 1-Octene 111-66-0 | 112 | C8HI6 CCCCCCC=C
266 Tetrachloroethylene 127-18-4 166 C2Cl4 CIC(Cl)=C(CDCl
267 4-Octene, (Z)- 7642-15-1 | 112 | C8HI16 CCC\C=C/CCC
271 4-Octene, (E)- 14850-23-8 | 112 | C8HI6 CCC/C=C/CCC
276 Octane 111-659 | 114 | C8HIS CCCCCCCC
283 | Heptane, 3,3-dimethyl- | 4032-86-4 | 128 | C9H20 CCCCC(C)(C)CC
288 2-Heptene, 3-methyl- 3404-759 | 112 | C8HI6 CCCC\C(C)=C\C
295 2-Octene 111-67-1 | 112 | C8HI6 CCCCC\C=C/C
304 | Hexane, 2,3,5-trimethyl- | 1069-53-0 | 128 | C9H20 CC(C)CC(C)C(C)C
316 | Heptane, 2,4-dimethyl- | 2213-232 | 128 | C9H20 CCCC(C)CC(C)C
327 Octane, 2-methyl- 3221612 | 128 | C9H20 CCCCCCC(C)C
341 Heptane, 2,5-dimethyl- | 2216-30-0 | 128 | C9H20 CCC(C)CCC(C)C
362 | Hexane, 2,3,4-trimethyl- | 921-47-1 | 128 | C9H20 CCC(C)C(C)C(C)C
372 4’6'O°tf$tygl3_ -one, 2- N/A 134 | C9H100 CCHCCHCC(=0)C(C)C
376 | Heptane, 2,3-dimethyl- | 3074-71-3 | 128 | C9H20 CCCCC(C)C(C)C
387 Octane, 4-methyl- 2216-34-4 | 128 | C9H20 CCCCC(C)CCC
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Cyclopentane, 2-ethyl-1,1-

394 . 54549-80-3 | 126 C9H18 CCcCl1Ccccec1oce
dimethyl-
412 Heptane, 2,2,4-trimethyl- | 14720-74-2 | 142 C10H22 CCCC(O)cceyoe
422 Octane, 2,2-dimethyl- 15869-87-1 | 142 C10H22 CCCCccc(oyece
441 Octane, 3,3-dimethyl- 4110-44-5 | 142 CI10H22 CCCCCcc(o)(occe
Hexane, 2,2,3,3-
470 tetramethyl- 13475-81-5 | 142 C10H22 CCCC(C)O)e(eyoe
482 Heptane, 2,3,6-trimethyl- 4032-93-3 | 142 C10H22 Cc(o)eeeo)eee
502 a-Pinene 80-56-8 136 CI0H16 CCl=Cce2acceice(e)e
Cyclohexene, 4-methylene- _ _
504 1-(1-methylethyl)- 99-84-3 136 CI10H16 CC(O)C1=CCC(=C)CCl1
527 4'0Cten‘E’S%(’g')§1fmethyl" NA | 140 | Cl0H20 CCC(C)C=CCC(C)C
533 | 2-Undecanethiol, 2-methyl- | 10059-13-9 [ 202 | C12H26S CCCCcceececexors
558 Octane, 4-cthyl- 15869-86-0 | 142 C10H22 CCCcc(coycece
565 5-Ethyldecane 17302-36-2 | 170 CI12H26 CCcceee(ceyeecece
601 Decyl octyl ether N/A 270 | C18H380 CCCCCCCCCC CC oceeece
609 Decane, 2,6,7-trimethyl- | 62108-25-2 | 184 C13H28 CCCC(o)coeeecioe
616 Decane, 2,4,6-trimethyl- | 62108-27-4 | 184 CI13H28 CCCce(eecoecoe
624 Dodecane, 1-fluoro- 334-68-9 188 | CI12H25F CCCCCCCCCCCCF
630 Decane, 2,2-dimethyl- 17302-37-3 | 170 C12H26 CCCCcceeeceyoe
665 | 2,2,7,7-Tetramethyloctane | 1071-31-4 | 170 CI12H26 CCc(c)(ceeececeyoe
656 Decane, 2,6,8-trimethyl- | 62108-26-3 | 184 CI13H28 CCc(ec)cee)eeecoe
675 Decane, 2,5,9-trimethyl- | 62108-22-9 | 184 C13H28 cc(o)eeecoyeecioe
Heptane, 5-ethyl-2,2,3-
696 trimethyl- 62199-06-8 | 170 C12H26 CCC(coeco)eeyoce
717 Decane, 2,6,7-trimethyl- | 62108-25-2 | 184 CI13H28 CCCc(o)ceeeecoe
735 Undecane, 3,6-dimethyl- 17301-28-9 | 184 C13H28 CCccceeoeeceoece
768 Dodegane, 2,7,10- 74645-98-0 | 212 C15H32 CCC(C)CCc(o)eeeee(e)
trimethyl- C
Table 4.5 MS identified uncommon peaks within human breath
Tr M
(sec) | Library Compound CAS # W Formula Structure
C3H2CIF5
4 | Tsoflurane 26675-46-7 | 184 | O FC(F)OC(CI)C(F)(F)F

23 | Hydrazinecarboxamide 57-56-7 75 | CH5N30 NNC(N)=0

32 | Cyclopropane, ethylidene- | 18631-83-9 68 | C5HS8 CC=C1CC1

47 | Cyclopropaneethanol 2566-44-1 86 | CSH100 OCCCICCI

50 | 1-Pentene, 4-methyl- 691-37-2 84 | C6H12 Ccc(o)ce=C

99 | 2-Butenal, 3-methyl- 107-86-8 84 | C5H8O CC(C)=CC=0

98 | Acetic acid 64-19-7 60 | C2H402 CC(0)=0

106 | Thiocyanic acid, butyl ester | 628-83-1 115 | CSHINS CCCCSC#N
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trans-4-Methoxy-3-buten-

109 | 2-one 51731-17-0 | 100 | C5H802 CO/C=C/C(C)=0

113 | Cyclohexane, chloro- 542-18-7 119 | C6H11Cl CIC1CCCCCl1

119 | Pentanal, 2,4-dimethyl- 27944-79-2 | 114 | C7TH140 CC(O)CC(O)C=0
Acetic acid, [(1,1-

126 | dimethylethyl)thio]- 24310-22-3 | 148 | C6H1202S | CC(C)(C)SCC(0)=0

127 | Heptane, 2-bromo- 1974-04-5 179 | CTHI5Br CCCCCC(C)Br

131 | Pentanal, 2,4-dimethyl- 27944-79-2 | 114 | C7TH140 CC(O)CC(O)C=0

133 | 2-Butanone, 3,3-dimethyl- | 75-97-8 100 | C6H120 CC(=0)C(C)(C)C
Oxirane, 2-methyl-2-(1-

140 | methylethyl)- 72221-03-5 | 100 | C6H120 CC(O)CL(O)CO1
1,2-Cyclopentanediol, 3-

144 | methyl- 27583-37-5 | 116 | C6H1202 CC1CCC(0)C10
Cyclohexanecarboxylic

148 | acid, 1-amino- 2756-85-6 143 | C7TH13NO2 | NC1(CCCCC1)C(0)=0
1,4-Butanediamine, N,N'-

148 | diethyl- 19435-68-8 | 144 | C§8H20N2 CCNCCCCNCC
1H-Imidazole, 4,5-dihydro-

164 | 2,4-dimethyl- 930-61-0 98 | CSHI10N2 CCICN=C(C)NI1
Propanenitrile, 3-

167 | (ethylamino)- 21539-47-9 99 | C5H11N2 CC[NH2+]CCC#HN
Propanoic acid, 2-propenyl

175 | ester 2408-20-0 114 | C6H1002 CCC(=0)OCC=C

188 | Thiophene, 2-ethyl- 872-55-9 112 | C6H8S CCclsccecl
2-Thiopheneacetic acid, a- [NH3+][C@H](C([O-

190 | amino-, (+)- 21124-40-3 | 157 | C6H7TNO2S | ])=O)clscccl
2-Hexenoic acid, ethyl

203 | ester 1552-67-6 142 | C8H1402 CCC/C=C/C(=0)OCC

203 | Octanoic acid, 7-0xo0- 14112-98-2 | 158 | C8H1403 CC(=0)CCCCCC(=0)O
Butane, 1-(ethenyloxy)-3-

224 | methyl- 39782-38-2 | 114 | C7TH140 CC(C)CCOC=C
1-Piperidinyloxy, 4-amino- CCI1(C)CC(INH3+])CC(O)

225 | 2,2,6,6-tetramethyl- 14691-88-4 | 173 | CO9H21IN20O | (C)N10O

243 | 1H-Tetrazol-5-amine 4418-61-5 85 | CH3N5 Ncln[nH]nnl
N-Allyl-N,N-

244 | dimethylamine 2155-94-4 85 | CSHIIN CN(C)CC=C
N,N,N',N',-Tetramethyl-2- C[NH+](C)C\C=C\C[NH+]

247 | butene-1,4-diamine 4559-79-9 144 | C8H20N2 (C)C
2-Butene-1,4-diamine, CC[NH2+]C\C=C\C[NH2+

248 | N,N'-diethyl- 112-21-0 144 | C8H20N2 1CC
1,2-Dichloro-4-

265 | fluorobenzene 1435-49-0 165 | C6H3CI2F | Fcleee(Che(Cl)el

280 | Hydroxylamine, O-decyl- 29812-79-1 | 173 | C10H23NO | CCCCCCCCCCON
1-Hexanol, 5-methyl-2-(1-

310 | methylethyl)- 2051-33-4 158 | C10H220 CC(C)CCC(CO)C(C)C
Acetic acid, cyano-, 2- C11HI9NO | CCCCC(CO)COC(=O)CCH#

352 | ethylhexyl ester 13361-34-7 | 197 | 2 N

355 | Decane, 3-chloro- 1002-11-5 177 | C10H21Cl CCCCCcCccc(enec
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437 | Bicyclo[2.2.2]octan-1-0l 20534-58-1 | 126 | C8H140 OCI12CCc(ccnee2
466 | Dodecane, 1-fluoro- 334-68-9 188 | C12H25F CCCCCCCCCCCCF
471 | Ether, hexyl pentyl 32357-83-8 | 172 | C11H240 cccceceecoccececce
497 | 1-Decanol, 2-ethyl- 21078-65-9 | 186 | C12H260 | CCCCCCCCC(CC)CO
543 | Dodecane, 1-fluoro- 334-68-9 188 | C12H25F CCCCCCCCCCCCF
Chloroacetic acid, dodecyl C14H27CIO | CCCCcceeeeecoc=0
552 | ester 6316-04-7 263 | 2 )CCl
C22H45Cl13 | CCCccceeececcececececce
602 | Silane, trichlorodocosyl- 7325-84-0 444 | Si CCCCCCSij(cn(cnei
558 | Undecane, 2,6-dimethyl- 17301-23-4 | 184 | C13H28 CCCCce(o)eeeeo)e
1-Dodecanol, 2-methyl-,
652 | (S)- 57289-26-6 | 200 | C13H280 CCCccceeceeecco)eo
761 | Dodecane, 1-fluoro- 334-68-9 188 | C12H25F CCCCCCCCCCCCF

4.3.4 ARDS diagnosis based on 2D chromatograms

There were a total of 97 peaks found in about 800 seconds of 2D separation (~800 seconds
of 1%-dimensional separation and 20 seconds of 2"!-dimensional separation). Each of the peaks
may represent a single analyte (no co-elution) or multiple analytes (co-elution). Note that the 2D
chromatogram of a particular patient may contain only a subset of the 97 peaks. Also note that the
volume (analyte mass) of each peak is normalized to the total peak volume of the entire 2D
chromatogram, which is one of the most commonly used normalization techniques??!??°, To select
the optimal subset of peaks, 28 patients (11 ARDS, 17 control, and a total of 43 tests) were used
as the training set, whereas the remaining 20 patients (10 ARDS, 10 controls, and a total of 42
tests) were used as the testing set.

Selection of the optimal subset of peaks relevant to ARDS

In our study, a total of m=97 peaks were found in 2D chromatograms. We first assumed
that there are n=4 peaks relevant to classification of ARDS and non-ARDS. We found that the 4-
peak subset of Peaks #(2, 44, 72, 79) provides the best 4-peak subset classification with a total

accuracy of 88.4% (see the corresponding peaks on the 2D GC chromatogram in Figure 4.10 and
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the PCA-LDA results in Figure 4.9(a)). n’=5 peaks were then added and we found that the 9-peak
subset of [(2, 44, 72, 79) + (34, 38, 62, 66, 81)] provides the best 9-peak subset classification with
a total accuracy of 93.0% (see the corresponding peaks on a 2D GC chromatogram in Figure 4.10
and the PCA-LDA results in Figure 4.9(b)). Subsequently, yet another n’=5 peaks were added and
we found that the 14-peak subset of [(2, 44, 72, 79) + (34, 38, 62, 66, 81) + (54, 61, 63, 71, 75)]
provides the best classification with a total accuracy of 93.0% (see the corresponding peaks on a
2D GC chromatogram in Figure 4.10 and the PCA-LDA results in Figure 4.9(c)). Since the
classification accuracy and the boundary distance does not improve from the 9-peak subset to the
14-peak subset (i.e., the ARDS and non-ARDS groups are not clustered/separated better), the 9-
peak subset was selected as the final optimal peak subset, which consists of Peaks #(2, 44, 72, 79,
34, 38, 62, 66, 81) in the 2D chromatogram.

These 9 peaks were tentatively identified by coupling our portable GC with the Thermo
Scientific Single Quadrupole Mass Spectrometer (ISQ™ Series) and analyzing with

Chromeleon™ 7 Software. Their names, CAS numbers, and formulas are presented in Table 4.6.
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Figure 4.9. PCA plots using the subset containing 4 peaks, 9 peaks, and 14 peaks for
the training set. The red and black symbols denote, respectively, the ARDS and non-ARDS
patients adjudicated by physicians using the Berlin criteria. The patient numbers are given
by the labels. For example, “11.1” and “11.3” denote Patient #11, Day 1 and Day 3 results,
respectively. The bottom/top zone below/above the boundary line represents respectively the
ARDS/non-ARDS region.
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All Peaks for Two Dimensional Chromatogram
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Figure 4.10. Selection of the optimal subset of peaks relevant to ARDS. Red lines mark
the 1D retention time of the 4 peaks selected in the first iteration. Blue lines mark the 'D
retention time of the additional 5 peaks selected in the second iteration. Green lines mark the
D retention time of the additional 5 peaks selected in the third iteration. Peak #34 in the 9-
peak subset nearly co-elutes with Peak #8. Peak #54 and #71 in the 14-peak subset co-elutes
with Peak #55 and Peak #64, respectively.

Table 4.6. Tentative chemical identification for the 9-peak subset.

Peak ID Chemical Name CAS Number Formula

2 Pentane, 2-methyl- 107-83-5 CsHis
44 Heptane, 3-methyl- 589-81-1 CsHis
72 Heptane, 2,3,5-trimethyl- 20278-85-7 CioH2
79 2,2,7,7-Tetramethyloctane 1071-31-4 Ci2Hae
34 Pentane, 2,4-dimethyl- 108-08-7 C7His
38 Cyclohexane, methyl- 108-87-2 C/Hus
62 o-Pinene 80-56-8 CioHis
66 3-Octene, 2,2-dimethyl- 86869-76-3 CioHzo
81 1-Decanol, 2-ethyl- 21078-65-9 Ci12H260

Table 4.7 Tentative chemical identification for all peaks.

Library
Peak ID | Compounda CAS # MW | Formula | Structure
lor3 Butane, 2-methyl- 78-78-4 72 C5H12 CCC(O)C
lor3 Isoprene 78-79-5 68 C5HS8 CC(=C)C=C
2 Pentane, 2-methyl- | 107-83-5 86 C6H14 CCCC(O)C
4 unidentified

120



1-Pentene, 2-

Sor6 methyl- 763-29-1 84 C6H12 CCCC(C)=C

Sor6 n-Hexane 110-54-3 86 C6H14 Ccccccce
1-Pentanol, 2-

7 methyl- 105-30-6 102 | C6H140 | CCCC(C)CO

8 unidentified
2-Butenal, 3-

9 methyl- 107-86-8 84 C5H80 CC(C)=CC=0

10 Hexane, 3-methyl- | 589-34-4 100 | C7H16 CCCC(O)CC
Acetic acid, [(1,1-
dimethylethyl)thio] C6H1202

Ilorl12 |- 24310-22-3 | 148 | S CC(C)(C)SCC(0)=0

11or 12 | Heptane, 2-bromo- | 1974-04-5 | 179 | C7THI5Br | CCCCCC(C)Br

13 unidentified

14 Heptane 142-82-5 100 | C7H16 ccccececce
1,2-
Cyclopentanediol,

15 3-methyl- 27583-37-5 | 116 | C6H1202 | CC1CCC(O)C10
Cyclohexanecarbox C7HI3NO

16 ylic acid, 1-amino- | 2756-85-6 | 143 |2 NCI1(CCCCC1)C(0)=0
1-Pentanol, 2-ethyl-

17 4-methyl- 106-67-2 130 | C8H180 | CCC(CO)CC(C)C

18 unidentified
2-Hexenoic acid,

19 ethyl ester 1552-67-6 | 142 | C8H1402 | CCC/C=C/C(=0)OCC

20 Thiophene, 2-ethyl- | 872-55-9 112 | C6H8S CCclscecl
Pentane, 2,3,3-

21 trimethyl- 560-21-4 114 | C8HI18 CCC(O)(O)C(O)C
Hexane, 2,3-

22 dimethyl- 584-94-1 114 | C8HI18 CCCC(O)C(O)C

23 unidentified
Hexane, 3,4-

24 dimethyl- 583-48-2 114 | C8HI18 CCC(O)c(o)cc

25 unidentified
Hexane, 2,2,5-

26 trimethyl- 3522-94-9 | 128 | C9H20 CC(O)CCC(O)(O)C

27 1-Octene 111-66-0 112 | C8H16 CCccceee=C

28 4-Octene, (E)- 14850-23-8 | 112 | C8HI16 CCc/c=C/ccC
Heptane, 3,3-

29 dimethyl- 4032-86-4 | 128 | C9H20 CCCCC(C)(o)cc
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Hexane, 2,2,4-

30 trimethyl- 16747-26-5 | 128 | C9H20 CCC(C)CC(C)O)C

31 2-Octene 111-67-1 112 | C8H16 CCCCC\C=C/C

32 unidentified
Hexane, 2,3,5-

33 trimethyl- 1069-53-0 | 128 | C9H20 CC(O)CC(O)(O)C
Pentane, 2,4-

34 dimethyl- 108-08-7 100 | C7H16 CC(O)CC(O)C
Heptane, 2,4-

35 dimethyl- 2213-23-2 | 128 | C9H20 CCCC(O)CC(O)C

36 unidentified

37 unidentified
Cyclohexane,

38 methyl- 108-87-2 98 C7H14 CC1CCCCC1

39 unidentified
Heptane, 2,5-

40 dimethyl- 2216-30-0 | 128 | C9H20 CCC(C)CCC(O)C
Acetic acid, cyano-, C11HI9N | CCCCC(CO)COC(=0)C

41 or 42 | 2-ethylhexyl ester 13361-34-7 | 197 | O2 C#N

41 or 42 | Decane, 3-chloro- 1002-11-5 | 177 | C10H21Cl | CCCCCCCC(CI)CC
Hexane, 2,3,4-

43 trimethyl- 921-47-1 128 | COH20 CCC(O)C(O)C(O)C

44 Heptane, 3-methyl- | 589-81-1 114 | C8HIS CCCCC(C)CC

45 Octane, 4-methyl- | 2216-34-4 | 128 | C9H20 CCCCcc(o)cecce
Cyclopentane, 2-

46 ethyl-1,1-dimethyl- | 54549-80-3 | 126 | C9HI8 CCCICCCC1(O)C

47 unidentified
Heptane, 2,2,4-

48 trimethyl- 14720-74-2 | 142 | C10H22 CCCC(O)CC(C)(O)C
Octane, 2,2-

49 dimethyl- 15869-87-1 | 142 | C10H22 CCCCCCC(O)(O)C
Octane, 3,3-

50 dimethyl- 4110-44-5 | 142 | C10H22 CCCCCC(C)(o)cce

51 unidentified

52 Ether, hexyl pentyl | 32357-83-8 | 172 | C11H240 | CCCCCCOCCCCC
Heptane, 2,3,6-

53 trimethyl- 4032-93-3 | 142 | C10H22 CC(O)CCC(O)C(O)C
4,6-Octadiyn-3-

54 or 55 | one, 2-methyl- N/A 134 | COH100 | CCH#CC#CC(=0)C(C)C
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Heptane, 2,3-

54 or 55 | dimethyl- 3074-71-3 | 128 | C9H20 CCCCC(O)C(O)C
56 unidentified
4-Octene, 2,6-
57 dimethyl-, [S-(E)]- | N/A 140 | C10H20 CCC(O)C=CCC(O)C
58 unidentified
59 or 83 | 5-Ethyldecane 17302-36-2 | 170 | C12H26 CCCCCcc(coceece
60 unidentified
61 unidentified
62 a-Pinene 80-56-8 136 | C10HI16 CC1=CCC2CCI1C2(C)C
Cyclohexene, 4-
methylene-1-(1-
63 methylethyl)- 99-84-3 136 | C10H16 CC(O)CI=CCC(=C)CC(Cl1
64 unidentified
CCcccecececececoccecce
65 or 84 | Decyl octyl ether N/A 270 | C18H380 | CCCC
Silane, C22H45Cl1 | CCccceecececcececcecce
65 or 84 | trichlorodocosyl- 7325-84-0 | 444 | 3Si CCCCCCCISi](C(cnci
3-Octene, 2,2-
66 dimethyl- 86869-76-3 | 140 | C10H20 CCCC/C=C/C(C)(C)C
Decane, 2,6,8- CCC(O)cco)eeee©)
67 or 68 | trimethyl- 62108-26-3 | 184 | C13H28 C
69 unidentified
Decane, 2,5,9- CC(O)CCceceoeee©o
70 or 89 | trimethyl- 62108-22-9 | 184 | C13H28 C
71 unidentified
Heptane, 2,3,5-
72 trimethyl- 20278-85-7 | 142 | C10H22 CCC(O)CC(O)coO)C
Heptane, 5-ethyl- CCC(COC(O)[(C)o)
73 or 90 | 2,2,3-trimethyl- 62199-06-8 | 170 | C12H26 C
74 unidentified
Decane, 2,6,7- CCCC(O)C(O)ceee©o)
75 trimethyl- 62108-25-2 | 184 | C13H28 C
76 unidentified
Undecane, 3,6-
77 dimethyl- 17301-28-9 | 184 | C13H28 CCCCCcc(oeecoece
Bicyclo[2.2.2]octan
78 -1-ol 20534-58-1 | 126 | C8H140 | OC12CCC(CC1)CC2
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2,2,7,7- CCc(c)oyeeeecoyo
79 Tetramethyloctane | 1071-31-4 | 170 | C12H26 C
Hexane, 2,2,3,3-
80 tetramethyl- 13475-81-5 | 142 | C10H22 CCCC(O)(O)C(C)(O)C
81 1-Decanol, 2-ethyl- | 21078-65-9 | 186 | C12H260 | CCCCCCCCC(CC)CO
82 unidentified
Decane, 2.,4,6- CCCCc(oecoeco
85 trimethyl- 62108-27-4 | 184 | C13H28 C
86 or 87 | Dodecane, 1-fluoro- | 334-68-9 188 | C12H25F | CCCCCCCCCCCCF
Decane, 2,2-
86 or 87 | dimethyl- 17302-37-3 | 170 | C12H26 CCCCCCCCC(C)(O)C
1-Dodecanol, 2-
88 methyl-, (S)- 57289-26-6 | 200 | C13H280 | CCCCCCCCCCC(C)CO
Heptane, 5-ethyl- CCC(COCC(O)[(C)©O)
90 or 91 | 2,2,3-trimethyl- 62199-06-8 | 170 | C12H26 C
92 unidentified
93 unidentified
94 unidentified
95 unidentified
96 unidentified
97 unidentified

Classification accuracy

With this algorithm, we selected the 9-peak subset as the final optimal peak subset, which
yields the best classification accuracy (93.0%) and the maximum boundary distance. The final
PCA scores for all recruited patients are shown in Figure 4.11. The final PCA model achieved an
overall accuracy of 87.1% with 94.1% positive predictive value and 82.4% negative predictive
value. The corresponding specificity, sensitivity, positive predictive value (PPV), and negative
predictive value (NPV) are presented in Table 4.8. The corresponding Q-residuals for all recruited
patients are shown in Figure 4.12. Separate PCA scores and corresponding statistics (specificity,
sensitivity, PPV and NPV) for the training and testing sets are presented in Figure 4.13 and Table
4.9, respectively. Receiver operating characteristic curves for the training set, testing set, and all
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patients are presented in Section 4.3.4.2 and Figure 4.14. 4-fold cross-validation was performed,
in which original datasets were randomly divided into 4 subsets of equal size and 4 cross-
validation models were generated using one subset as a testing set and the rest as the training set.
The 4 models yielded a classification accuracy of 85.3% + 0.7%, which supports the robustness of

the model. The statistics (specificity, sensitivity, PPV, and NPV) of the 4 models are presented in

Table 4.10.
PCA Score for All Patient Tests
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Figure 4.11. PCA plot of all recruited patients. The X-axis (PC 1) is the 1st principal
component and the Y-axis (PC 2) is the 2nd principal component. The red and black symbols
denote, respectively, the ARDS and non-ARDS patients adjudicated by physicians using the
Berlin criteria. The patient numbers are given by the labels. For example, “11.1” and “11.3”
denote Patient #11, Day 1 and Day 3 results, respectively. The bottom/top zone below/above
the boundary line represents, respectively, the ARDS/non-ARDS region using the breath
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analysis method. The corresponding Q-residuals for this PCA model are shown in Figure 9.

Table 4.8. Statistics of breath analysis for ARDS.

ARDS Non-ARDS Total
Positive (our results) 32 2 34
Negative (our results) 9 42 51
Column total 41 44 85
Specificity 95.5%
Sensitivity 78.0 %
Positive predictive value 94.1 %
Negative predictive value 82.4 %
Total accuracy 87.1%

Q-residuals for all patients
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Figure 4.12. Q-residuals of the PCA model (Figure 8) for all recruited patients. For
patients with time series tests, only the 1st test day is marked with the patient ID. The red
dashed line represents a 99% confidence level.
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PCA Score for Training Set Patients

PCA Score for Testing Set Patients
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Figure 4.13. PCA plot for the training and testing set of patients. Corresponding
statistics are given in Table 4.9.

Table 4.9. Statistics for the training and testing sets.

Training Set ARDS Non-ARDS Total
Positive (our results) 16 1 17
Negative (our results) 2 24 26
Column total 18 25 43
Specificity 96.0%

Sensitivity 88.9 %

Positive predictive value 94.1%

Negative predictive value 92.3%

Total accuracy 93.0%

Testing Set ARDS Non-ARDS Total
Positive (our results) 16 1 17
Negative (our results) 7 18 25
Column total 23 19 42
Specificity 94.7 %

Sensitivity 69.6 %

Positive predictive value 94.1%

Negative predictive value 72.0%

Total accuracy 80.9%
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Receiver Operating Characteristic (ROC) curve analysis
With the LDA model acquired from the training set, the posterior probability can be

calculated for any given §:

P(S,|ARDS)P(ARDS)
(Sp|ARDS)P(ARDS)+P(Sp|n0n — ARDS)P(non—ARDS) ’ (4.10)

P(ARDS[S,) = -

where S, is a vector of the principal component scores (Sp1  Sp2) for any given patient p.
P(ARDS) and P(non — ARDS) are the prior probability (fraction of ARDS and non-ARDS
patients within the training set), respectively. P(Sp|ARDS) and P(Sp|non —ARDS) are the
ARDS and non-ARDS multivariate Gaussian distribution density functions, with pygps and

Unon—arps being the means and X being the shared covariance matrix across ARDS and non-

ARDS.

P(S,|ARDS) = —— ¢ 3(Srhanos) 7 Sptaros) @.11)
(2m|z])2

1 T —
e_i(sp_ﬂnon—ARDS) X 1(Sp_ﬂnon—ARDS)

P(S,|non — ARDS) = n

1 (4.12)
(2m|Z])2

With the ARDS/non-ARDS labels and the posterior probability of the patients in the
training set, testing set, and all patients, their ROC curves and the corresponding AUC (area under

curve) were computed and shown in Figure 4.14.
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Figure 4.14. Receiver operating characteristic (ROC) curves for the training set,
testing set, and all patients.

Table 4.10. Statistics for the 4-fold cross-validation

Cross Validation - 4 fold Model 1 Model 2 Model 3 Model 4
Specificity 93.2% 93.2% 93.2% 93.2%
Sensitivity 78.0% 75.6% 78.0% 75.6%
Positive predictive value 91.4% 91.2% 91.4% 91.2%
Negative predictive value | 82% 80.4% 82% 80.4%
Total accuracy 85.9% 84.7% 85.9% 84.7%

Time series measurement of ARDS patients

One of important advantages of breath analysis is the potential to non-invasively monitor
the development of ARDS, the severity of ARDS (if present), and the resolution of ARDS. This
would allow the technology to map the trajectory of the disease and potentially guide therapy and
decision making. Among the 9 ARDS patients and 9 non-ARDS patients whom we monitored on
multiple days, some ARDS patients were noted to clinically progress to a non-ARDS status and

vice versa, as determined by both 2D GC and clinical adjudication. Our results demonstrated that
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breath analysis may be able to predict the ARDS trajectory 12-48 hours in advance. Below, we
show some examples, whose trajectories on the PCA plot are shown in Figure 4.15.

(1) Upgrade cases:

Patient #11 (see also Figure 4.7 for the corresponding time-series chromatograms) was a
potential and undetermined ARDS patient (meaning that the clinician suspected that the patient
might develop ARDS, but was not certain at the time of diagnosis: the patient was closely
monitored) on the 1% test day, then upgraded to ARDS on the second day. The breath test suggested
a diagnosis of ARDS from the 1% test day to the 3 test day (#11.1, #11.2, and #11.3).

Patient #27 was a potential and undetermined ARDS patient on the 1% test day and
upgraded to ARDS on the second day. The breath test suggested a diagnosis of ARDS from the 1%
test day to the 3™ test day (#27.1, #27.2, and #27.3).

(2) Recovery cases:

Patient #36 was sampled for 3 days. On the 3™ day, the patient was still listed as ARDS
based on the Berlin Criteria. The patient was extubated (liberated from mechanical ventilation)
and discharged from the ICU on the 5" day. The breath tests for the first 2 days suggested ARDS
(#36.1 and #36.2). The breath test for the 3™ day demonstrated a non-ARDS pattern (#36.3).

Patient #47 was sampled for 4 days and was liberated from mechanical ventilation and
discharged on the 6™ day. Based on the Berlin Criteria, this patient had ARDS for the first four
days. The breath tests for the first three days show an ARDS pattern (#47.1, # 47.2, and #47.3) and

the fourth day breath test shows a non-ARDS pattern (#47.4).
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PCA Score for Patients with Time Series Tests
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Figure 4.15. Trajectories on the PCA plot for patient #11, #27, #36, and #47. #11 and
#27 are the upgrade case (initially listed as potential ARDS on the first day) and #36 and #47
are recovery cases (extubated and discharged from ICU 24-48 hours after the last test). The
bottom/top zone below/above the boundary line represents, respectively, the ARDS/non-
ARDS region using the breath analysis method.

Note: If the breath test results do not match the clinical adjudication, we consider the test
as “misclassification” when calculating the overall classification accuracy, even for cases like
#36.3 and #47.4, which suggest that the breath analysis was able to correctly predict the trajectory
of ARDS (i.e., earlier diagnosis).

With further evidence on subsequent days, the two potential and undetermined ARDS cases
mentioned above (#11.1 and #27.1) were finally determined as ARDS based on the Berlin Criteria.

The trajectories of all 18 patients and their medical histories can be found in Figure 4.16.
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PCA Score for Patients with Time Series Tests
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Figure 4.16 Individual trajectories of all 18 patients with time series tests on the PCA plot. Patient
medical histories are shown below.

Patient medical histories during time series testing dates:
Patient #2 was a healthy subject tested for 4 days.

Patient #3 was a healthy subject tested for 4 days.
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Patient #7 was sampled for 4 days and had ARDS by the Berlin Criteria from the first
testing day. No signs of recovery for at least 4 days after the last testing day.

Patient #11 was a potential and undetermined ARDS patient on the first test day and was
upgraded to ARDS on the second day. By the Berlin Criteria, the patient had ARDS for all 3 days.

Patient #12 was suspected to have pneumonia on the first testing day. This patient was
tested for 3 days and no ARDS was developed during this period based on the Berlin Criteria.

Patient #27 was a potential and undetermined ARDS patient on the first test day and was
upgraded to ARDS on the second day. Based on the Berlin Criteria, the patient had ARDS for all
3 days.

Patient #30 had pneumonia and ARDS based on the Berlin Criteria from the first test day.
The patient was tested for 3 days. No signs of recovery and was shifted to comfort care after the
last testing day.

Patient #31 had acute respiratory failure on the first testing day, but no ARDS based on the
Berlin Criteria for the two testing days.

Patient #34 had hypoxemic respiratory failure on the first testing day, but no ARDS based
on the Berlin Criteria for the three testing days.

Patient #35 had no ARDS based on the Berlin Criteria for the two testing days.

Patient #36 had ARDS from the first sampling day. On the third, day the patient was still
listed as ARDS based on the Berlin Criteria. The patient was extubated and discharged from ICU
on the 5 day.

Patient #38 was a healthy subject tested for three days.

Patient #39 had ARDS based on the Berlin Criteria for the two testing days. No signs of

recovery.
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Patient #40 had pneumonia on the first testing day but no ARDS based on the Berlin
Criteria for the two testing days.

Patient #42 had ARDS based on the Berlin Criteria for the two testing days. No signs of
recovery.

Patient #45 had ARDS based on the Berlin Criteria for the five testing days. No signs of
recovery and was shifted to comfort care on the last testing day.

Patient #46 had no ARDS based on the Berlin Criteria for the three testing days.

Patient #47 was sampled for 4 days and was extubated and discharged on the sixth day.

Based on the Berlin Criteria, this patient had ARDS for the first four days.
4.4 Discussion

To our knowledge, the portable 2D GC device described here is the first of its kind for
facile use in POC to continuously monitor patient breath. Using this portable GC device, along
with its corresponding machine learning algorithms, we are able to distinguish ARDS and non-
ARDS with high accuracy compared to clinical expert adjudication. As a dynamic syndrome with
multiple etiologies, the real-time diagnosis of ARDS is challenging. There are currently no
technologies allowing its real-time diagnosis or tracking. The only widely available tool in use in
assisting in ARDS diagnostics is LIPS. However, LIPS was designed as a screening tool that
incorporates a series of risk factors and risk modifiers to predict whether ARDS will occur at a
future point. While a small subset of data using the 2D GC technology indicates the potential to
predict onset or resolution, much more testing will be needed. An interesting possibility would be
to utilize LIPS in conjunction with this technology to improve screening'8’- 1%,

It should be noted that, based on current results obtained, the 9-peak subset (Peak #2, 34,

38, 44, 62, 66, 72, 79, and 81 in Figure 4.6) that was selected for ARDS detection can be almost
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completely separated using the 'D column in our current 2D GC device (except for Peak #34,
which is nearly co-eluted with Peak #8, see Figure 4.10). Therefore, the portable GC’s 1D GC
mode may be sufficient to distinguish between ARDS and non-ARDS. However, we believe that
2D GC operation is still preferred, since potential co-elution of Peak #34 and #8 may affect ARDS
detection. More significantly, 2D GC operation is critical to sub-typing ARDS and analyzing
complications. For example, the peaks (#3, 5, 13, and 27) in Figure 4.6 do not belong to the ARDS-
relevant 9-peak subset, but have different concentrations between the ARDS patient and the
healthy control (see Figure 4.5), suggesting that the ARDS patient in Figure 4.5(b) might have
other health conditions besides ARDS, which may change during medical treatment. For future
applications (in detection of ARDS and ARDS with complications, and in detection of other
diseases such as asthma and pneumonia), it is still preferred to continue to use comprehensive 2D
GC to separate as many peaks as possible, which makes the device much more flexible for various
diseases and medical conditions, rather than being dedicated to monitoring of ARDS alone.

This study has a number of important limitations. First and foremost, the histopathologic
examination of lung tissue for changes consistent with diffuse alveolar damage (DAD) was not
used to make the diagnosis of ARDS. Even in patients dying of respiratory failure, autopsies were
not obtained. While DAD on histopathology is the pathologic gold standard, obtaining serial lung
biopsies for diagnosis is not feasible for clinical standard of care. Although the clinical consensus
for the diagnosis of ARDS is the Berlin criteria, Kao and others have demonstrated that of patients
clinically diagnosed as having ARDS using the Berlin criteria, less than 60% have DAD on lung
histopathology when lung biopsies can be obtained!’. In the absence of tissue biopsy, we

employed the best available method (multi-physician adjudication) for identifying ARDS?!!,
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This limitation is not only restricted to our study, but is present in any clinical research or
clinical trial in the field of ARDS and further underscores the need for new diagnostics. Despite
this, we observed VOC patterns in ARDS patients that were clearly distinguishable from patterns
seen in subjects who were mechanically ventilated for non-hypoxic respiratory failure such as
sepsis (without ARDS) and cardiac arrest, as well as those intubated for hypoxic respiratory
failure, whose PaO»/FiOss (after intubation and mechanical ventilation) were clearly not indicative
of ARDS (COPD exacerbation, pulmonary embolism, and unilateral pneumonia). In cases of
divergence in clinical scoring and breath analysis, differences could be due to mis-diagnosis of
ARDS by clinical scoring, the ability of breath analysis to detect earlier onset or resolution of
ARDS than clinical adjudication, or mixed lung and systemic pathologies existing in the same
patients.

Finally, we note that in the current study, only 48 patients (and 85 sets of breath samples)
were used as a proof of concept demonstration. Larger groups of patients are required to further
validate our method.

We have developed an automated portable 2D GC device and machine learning algorithm
for breath analysis that is capable of distinguishing ARDS from non-ARDS. Particularly, the
94.1% positive predicative value suggests that our breath analysis method can accurately diagnose
ARDS, which is critical to its treatment. In the several subjects studied, the technology was found
to indicate the presence of ARDS prior to the development of traditional indicators used for ARDS
diagnosis, which opens up the potential for earlier interventions. The non-invasive nature of breath
analysis may also allow for continuous monitoring of ARDS trajectories as evidenced by several
subjects who demonstrated changing breathomic patterns from ARDS to non-ARDS statuses prior

to changes in traditional indicators.
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The potential to leverage exhaled breath for the identification of breathomic patterns used
for early diagnosis, disease trajectory tracking, and outcome prediction monitoring of ARDS can
have significant impacts on changing medical practices and improving patient outcomes. The
device is envisioned for use for ARDS patients in emergency departments, operating rooms, and
intensive care units. Additionally, our device holds the potential to dramatically improve the
molecular characterization of ARDS and its competing diagnoses. The clinical ambiguity of ARDS
diagnosis compared with histopathology impairs the field’s ability to develop and study targeted,
disease-specific therapies. Exhaled breath VOC analysis could significantly enhance our molecular
phenotyping of patients with hypoxic respiratory failure, enable more straightforward diagnoses,
and dramatically improve our ability to tailor treatments to patients with true ARDS

pathophysiology.
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Chapter 5  Conclusions and Future Directions

5.1 Conclusions

The main topics of this dissertation discussed the design, assembly, characterization,
operation and chromatogram reconstruction of 1D & 2D puGC system as well as their applications
on water contamination analysis and exhaled breath analysis. This chapter summarizes the
aforementioned system performance and application results.

Chapter 1 firstly provided a review of the conventional benchtop GC, including its working
principle, performance metrics and critical components. The next section discussed the MDGC,
its working principle, the 2D column selection and modulation methods. The last section reviewed
the development of nGC components in recent years and then the technical details of the key
microfabricated components. As shown in this chapter, uGC (especially multi-dimensional pGC)
has undergone significant innovations, and it is critical to improve the separation performance of
pGC for handling the complex environmental, agricultural and clinical samples in real world.

Chapter 2 presented the development of ourlD pGC system and its application of highly
sensitive, rapid, and in-situ VOC quantification in water. The results show that the system is able
to complete analytical testing in less than 20 minutes with a sub-pug L' level detection limit.
Quantitative comparison with results obtained by analytical lab under standard procedures and
benchtop instruments further validated the field-applicability of the portable GC system.

In chapter 3 we developed a new, fully automated, portable 1x4-channel GC x GC device.
The highlight of this chapter is the flow routing/modulating from 'D to one of the four D

subsystem, and the 2D GC reconstruction algorithm. The algorithm utilized not only the four *D
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PIDs signals and also the peak shape information in 'D PID (comprehensive GCxGC only has one
2D signal) hence is more powerful for resolving coeluted 'D peaks. The device is compact (60 cm
x 50 cm %X 10 cm, and < 5 kg), robust (LTI and pDS), provides rapid analysis (50 VOCs in 14
minutes), and provides excellent peak capacity and peak capacity production without the help of
cryogenic modulator (high power consumption). This system can be used for a plethora of field
applications, such as in-situ continuous environmental monitoring, workplace safety monitoring,
industrial in-line monitoring, food and agriculture analysis, and breath analysis.

Chapter 4 focused on exhaled breath analysis and ARDS diagnosis using 1by2 pGC
system. It demonstrated the feasibility of using our MDGC for point-of-care clinical application.
The high diagnostic accuracy have shown the great potential for early diagnosis and early
interventions for ARDS using metabolic study with our high sensitivity and high resolution MDGC

system in non-invasive manner.
5.2 System improvement
5.2.1 Chemical detection range

Current system’s target analytes are limited by the Krypton UV lamp based PID detector,
since chemicals with photon ionization energy near or higher than 10.6eV (such as methane and
ethane) are not visible for this PID detector. For getting a broader detection range, more universal
detectors (such as HDPID) can be used. In that case, the adsorbents stages in the pPCI and pTI
chamber also need to be modified (for example, adding carboxen 1000 for more volatile

compounds), so the adsorption chemical range could match the detection chemical range.
5.2.2 Chemical identity

Although the standalone GC could identify compounds by the retention time, it is still

desired, under certain application, that the chemical name and structure could be revealed with
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high confidence. In these applications, our GC system need to be coupled with a mass spectrum
instrument and identify the compounds within samples. If MS instrument is not available, chemical
identity can be also be found by performing rigorous retention time matching with preloaded
libraries. FTIR, color-metric sensor array or other vapor sensors could also be attached to our

system to provide extra information on the compounds identities.
5.2.3 Detection limit (LOD)

Improving the current PIDs’ LOD enables the system to detect lower concentrated
compounds in sample, or shorten the sampling time for field analysis with the same signal to noise

ratio.
5.2.4 Analysis time

Lower detector LOD can shorten the sampling time; higher head pressure can shorten the
system cleaning time; Careful optimization on flow rate or column temperature ramping profile

could shorten the analyzing time without scarifying the chromatogram resolution.
5.2.5 Robustness

pGCs are mainly developed for field analysis, hence the physical robustness of the pGC
systems is also important. External enclosure should be light weighted, and water resistant with
customized housing and supporting layer.
5.3 Applications

5.3.1 Exhaled breath analysis

Breath biomarkers have been found for various diseases, such as childhood asthma, acute
kidney injury and diabetes. Clinical tests can be conducted on these patients to discover and

validate the relevant biomarkers for screening, diagnosis, and monitoring propose.
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5.3.2 Other applications

Due to its high sensitivity, portable size and weight, rapid analysis and capability of
analyzing complex mixtures, the pGC system could also be used in many other fields, including
precision agriculture (such as plant infection detection) and food analysis (such as pesticide

residues analysis).
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