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Abstract: Volatile organic compounds (VOCs) in urine headspace are potential biomarkers
for different medical conditions, as canines can detect human diseases simply by smelling
VOCs. Because dogs can detect disease-specific VOCs, gas chromatography-mass spec-
trometry (GC-MS) systems may be able to differentiate medical conditions with enhanced
accuracy and precision, given they have unprecedented efficiency in separating, quanti-
fying, and identifying VOCs in urine. Advancements in instrumentation have permitted
the development of portable GC-MS systems that analyze VOCs at the point of care, but
these are designed for environmental monitoring, emergency response, and manufactur-
ing/processing. The purpose of this study is to repurpose the HAPSITE® ER portable
GC-MS for identifying urinary VOC biomarkers. Method development focused on opti-
mizing sample preparation, off-column conditions, and instrumental parameters that may
affect performance. Once standardized, the method was used to analyze a urine standard
(n = 10) to characterize intra-day reproducibility. To characterize inter-day performance,
n = 3 samples each from three volunteers (and the standard) were analyzed each day for a
total of four days (n = 48 samples). Results showed the method could detect VOC signals
with adequate reproducibility and distinguish VOC profiles from different volunteers with
100% accuracy.

Keywords: volatile organic compounds (VOCs); portable systems; gas chromatography
(GC); mass spectrometry (MS); chemometric analysis

1. Introduction

Canines have the remarkable capability of being able to be trained to detect volatile
organic compounds (VOCs) in noninvasive biological sample types for applications in
medical diagnosis/screening, because they have an ultrasensitive sense of smell and an
olfactory system with over 300 unique receptors [1-3]. Historically, canines have been
used in various forensic applications for VOC detection of explosives, illegal drugs, and
human decomposition odors. The wide-ranging capabilities of the canine olfactory system,
including the noninvasive detection of medical conditions, has inspired researchers across
the globe to interrogate VOC signals quantitatively using state-of-the-art analytical instru-
mentation [4-6]. VOCs are defined as relatively low-molecular-weight molecules with high
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vapor pressures that exist in the gas phase at room temperature. Volatiles found in nature
have diverse sources, including but not limited to, consumer products (paints, cleaning
products, building materials) and industrial processes (petroleum extraction) [7,8]. Beyond
synthetic and manmade origins, volatiles are also emitted by plants as a form of cellular
communication [9]. In humans, VOCs are expressed in noninvasive biological sample
types, including breath, sweat and urine [10]. Volatile compounds are most widely studied
in breath, but urine presents several advantages as it is easier to collect and contains a
relatively high concentration of individual VOCs [4].

VOCs in noninvasive biological sample types have been investigated for biomarker
discovery purposes regarding an array of medical conditions including respiratory in-
fections [11,12], different types of cancer [13,14], and metabolic diseases [15-17]. These
analytes can have an exogenous source through environmental exposure but can also be
produced through endogenous metabolic pathways [18]. Many different studies indicate
unique VOCs and functional groups to be clinically relevant biomarkers. The gold stan-
dard for identification/quantification is gas chromatography—mass spectrometry (GC-MS),
because it has high capability for chromatographically separating, structurally elucidating
(through electron or chemical ionization), and quantifying volatile analytes [19]. Although
highly accurate, GC-MS is considered an offline technique because it requires additional
steps in sample preparation prior to MS analysis. For a more rapid analysis, online MS
techniques with ambient ionization modes can be utilized. One of these techniques, termed
ion mobility mass spectrometry (IMS), is currently emerging as a reliable online method
for VOC biomarker discovery [20,21]. Other online methods for the analysis of VOC
biomarkers also include selected-ion flow-tube mass spectrometry (SIFT-MS) [22] and
proton-transfer-reaction mass spectrometry (PTR-MS) [23]. Although these methods are
rapid and highly accurate, GC-MS assays tend to have higher degrees of resolution and
are therefore better equipped for analysis of the most complex profiles [24].

Across both online and offline MS techniques, instrumentation tends to occupy a
relatively large footprint and requires trained personnel to run biological assays, in turn,
making them insufficient clinical tools for point-of-care screening/diagnosis. Progress has
been made in the development of nanomaterial-based sensor arrays (electronic noses, or
e-Noses) that can differentiate VOC biomarker profiles corresponding to different medical
conditions [25-27], but generally these devices need machine learning to distinguish mean-
ingful patterns and do not have the required chemo-selectivity to distinguish individual
biomarkers within a complex sample matrix. Portable GC-MS systems, initially developed
in the 1990s, are miniaturized systems that permit analyses outside of a laboratory set-
ting [28]. Unlike e-Nose devices, portable GC-MS systems not only retain a high degree
of chemical selectivity but also allow for the accurate identification of unknown analytes.
Over the years, commercialized portable GC-MS instruments have become available, but
currently, only two systems have stood the test of time (Griffin™ G510 and INFICON
HAPSITE® ER). Different portable GC-MS instruments have unique features, but all sys-
tems leverage low thermal mass (LTM) GC technology to permit faster heating/cooling
rates, all the while reducing power consumption requirements [29].

The HAPSITE® ER, manufactured by INFICON inc. (East Syracuse, NY, USA), is a
state-of-the-art portable GC-MS system that weighs about 50 pounds and implements
LTM GC for the analysis of VOCs. The system is equipped with internal and external
power sources, along with internal gas canisters for nitrogen (the mobile phase) and an
internal standard (to monitor any instrumental drift). This system is also capable of intro-
ducing sample types through diverse modules (headspace, solid phase microextraction
(SPME), thermal desorption, etc.) [30], but these must be purchased. The air probe that is
interfaced with the instrument (without the purchase of additional modules) is the most
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straightforward method to introduce VOCs for analysis. The HAPSITE® ER and other
devices were designed for users to detect hazardous analytes in different applications
including environmental monitoring, emergency response, manufacturing/processing,
and more [29]. The purpose of the current study is to repurpose portable GC-MS instru-
ments for quantifying VOC biomarkers emanating from urine headspace. To develop a
standardized method, sample pretreatment and instrumental parameters were optimized
to increase chromatographic resolution and signal-to-noise ratios. The optimized method
was benchmarked by analyzing a high number of sample replicates from urine specimens
collected from three laboratory volunteers, as well as a standard solution of urine.

2. Materials and Methods

2.1. Materials and Instrumentation

Analytical reference standards in this study included the use of UTAK (Valencia, CA,
USA) drug-free urine, which was purchased from Thermo Fisher Scientific (Waltham, MA,
USA). Materials needed for urine processing and storage included polypropylene cups,
sodium chloride (99.85% pure), sodium hydroxide (50% wt. in solution, nitrogen flushed
extra pure), pH paper, and Parafilm (Thermo Fisher Scientific). Headspace vials (10 mL)
with screw-on caps were purchased from Restek (Bellefonte, PA, USA) or Agilent (Santa
Clara, CA, USA) and used to store aliquoted urine samples. A Thermo Fisher Scientific
Forma 900 Series —80 °C freezer was utilized to store the urine samples until analysis. Hot
magnetic stir plates were purchased from Thermo Fisher Scientific and micro-stir bars were
attained from VWR, inc. (West Chester, PA, USA), which were used in heating/agitating the
urine samples. The temperature of the water bath/urine sample was controlled using an
incubator thermometer (Thermo Fisher Scientific). To sample and instrumentally analyze
volatiles emanating from urine headspace, a HAPSITE® ER Chemical Identification System
manufactured by INFICON inc. was implemented. The system is equipped with a DB-1
miniaturized GC column (15 m in length, 0.25-mm internal diameter, and 1-micron film
thickness). The HAPSITE® ER also contains a Tri-Bed Concentrator Tube, which collects
VOCs prior to injection onto the column.

2.2. Urine Sample Acquisition and Processing

For the UTAK standard urine, initially ~100 mL of sample was aliquoted into a urine
storage cup and stored in a —80 °C freezer. For samples from lab volunteers (Indiana Uni-
versity IRB # 15542), first-morning urine was collected into a storage cup and subsequently
transported to the lab and stored at —80 °C. Next, samples were thawed, aliquoted into
headspace vials using the optimized volume, and stored in the freezer until subsequent
GC-MS analysis. Immediately prior to analysis, the urine was thawed, saturated with salt
(NaCl), and pH corrected to pH 7 using 1.9 M NaOH. Excess urine aliquots were used to
titrate the solution and determine the quantitative amount of sodium hydroxide needed
for proper pH correction. This is an important step, as previous studies have shown that
varying the pH of the sample can significantly impact headspace VOC profiles detected by
GC-MS [31]. After the sample pretreatment, the headspace vial was incubated in a water
bath at an optimized temperature and agitation speed for an ideal amount of time. For all
optimization experiments (on- and off-column), UTAK standards or samples from a single
volunteer were analyzed in triplicate for each condition studied. Regarding assessment of
intra-day performance and variability (after method optimization), n = 10 replicates of the
UTAK standard were aliquoted and analyzed. For inter-day assessments, at least 11 = 12
aliquots were prepared for the three laboratory volunteers, as well as the UTAK standard
(n = 48 samples in total).
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2.3. Probe-Based Sampling and GC-MS Analysis

Once samples had been pretreated and heated /agitated to partition VOCs in the urine
sample headspace, the HAPSITE® ER air probe was used to sample analytes and introduce
them into the GC-MS for analysis. Immediately after sample pretreatment procedures, the
headspace vial containing the urine sample was removed from the water bath, the cap was
unscrewed, and the specimen was placed under the air probe, which was immobilized
using a clamp on a ring stand (see Figure 1) [32]. The distance between the top of the vial
and the bottom of the probe should be negligible. Using the probe, a pump was used to
transport 100 mL of gas into the sampling device over the course of one-minute, which
was collected on a Tri-Bed Concentrator Tube (containing a carbon-based sorbent material).
Over the course of sampling, the lines of the air probe were maintained at 40 °C. After one
minute of collection, the VOCs captured on the sorbent tube were desorbed into the system
for 2.5 min at a pressure that corresponds to the GC flow rate (1.5 mL/min). For the first
8 s of desorption, the pre-concentrator tube was heated at a power of 9.5 Watts, followed
by a 30 s desorption step at a power of 2.5 Watts. The GC run began after this 30 s period
of initial desorption. After 2.5 min, purging of the pre-concentrator was finalized and the
mobile phase was transported directly toward the front end of the column.

Volatile Organic ¢ <

Compounds ‘?f/a

(VOCs)

VOC Pathway

HAPSITE ER
/ Portable Gas Chromatograph-
I Mass Spectrometer (GC-MS)

Urine Headspace
Sampling

Hot Plate

Figure 1. Illustration of apparatus and set-up for analysis of VOCs emanating from urine headspace
using the HAPSITE® ER portable GC-MS system.

Although numerous probe and GC-MS parameters were explored, the instrument was
pre-loaded with previously optimized methods from the company. As a starting point for
method development, the team chose the standard method that is dedicated to analyzing
VOCs at the lowest concentration levels using the Tri-Bed Concentrator. Using the standard
method, during the entirety of analysis, the Tri-Bed Concentrator elbow was maintained at
70 °C, with the GC Heated Line (GCHL) at 70 °C, the membrane at 80 °C, and the valve
oven at 70 °C. High-temperature methods were also explored and entailed maintaining the
pre-concentrator elbow at 110 °C, the GCHL at 110 °C, the membrane at 120 °C, and the
valve oven at 110 °C. It should be noted that to facilitate efficient permeation of VOCs from
the end of the GC column to the MS detector through the membrane, it is very important
to maintain a pressure difference. For both methods, the GC pressure was approximately
85 kPa, but the standard method has MS total pressure equal to ~2 x 10~* Pa and the high-
temperature method has a MS pressure equal to 23 x 10~* Pa. The initial chromatographic
protocol entailed maintaining the oven at 60 °C for one minute, followed by a 6 °C/min
ramp to 80 °C, a 12 °C/min ramp to 120 °C, and a final ramp of 26 °C/min to 180 °C (final
hold time of two seconds). The protocol was modified to extend the final ramp temperature
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to 200 °C with a hold time of four minutes to permit the analysis of less volatile or even
semi-volatile compounds during optimization. Additionally, the MS scanning range was
slightly expanded to lower mass ranges (1m/z 41-300) to ensure that highly volatile analytes
were detected (i.e., acetone). Prior to the optimization of GC and MS parameters, variables
relating to the air probe were first explored.

Even though the option to change the pumping volume and speed is available, the
rate of the probe pump is constant and cannot be varied (100 mL/min). Experiments
were undertaken to explore the impact of dynamic headspace volume, but deviating from
the standard values of 100 mL did not increase sensitivity or reproducibility. The probe
temperature was held at 40 °C, as experiments increasing the temperature to the maximum
limit (60 °C) did not improve or deteriorate the quality of the results. Beyond extending
the chromatographic runs, experiments were undertaken to determine if slowing ramps
down (to 1 °C/min) within the oven temperature program could potentially increase
chromatographic resolution as well as the number of VOCs detected. Additionally, the
temperature of the membrane, heated lines and valve oven were alternated between
standard and high-temperature methods. This is significant, as high-temperature modes
may be more ideal for the analysis of relatively larger VOCs and semi-volatiles. Finally,
although the MS was operated in full-scanning mode from m/z 41 to 300, the instrument
is also capable of operating in limited scanning modes including selected ion monitoring
(SIM). These techniques were also explored to increase method sensitivity /reproducibility.
It should also be noted that nitrogen was provided from an external gas tank at a constant
flow rate (mobile phase). An internal canister was used to introduce the internal standard
gases (1,3,5-tris-trifluoromethylbenzene (IS #1) and bromopentafluorobenzene (IS#2)) for
quality control purposes.

2.4. Data Processing and Analysis

After GC-MS data were acquired on the HAPSITE® ER, chromatographic data were
processed and analyzed using the on-board ER IQ software (HAPSITE ER IQ V2.40.002)
(manufactured by INFICON Inc.). Using the data review tool within the software, GC-MS
raw data can be visualized and even overlapped from sample to sample. In addition to
qualitative analyses, chromatographic peak areas can also be integrated and quantified.
To analyze the data in most cases, total ion chromatograms (TICs) were subject to peak
identification and integration within the software. In all cases, instrument and method per-
formance were evaluated by quantitatively comparing the total number of peaks detected
and the signal of specific VOCs in the urine samples. These peaks were searched against
the NIST mass spectral library for preliminary identification. In certain cases, specifically
regarding the qualification of reproducibility between different volunteers, extracted ion
chromatograms (EICs) were used to integrate and quantify coeluting analytes (this will
be discussed further in the Results and Discussion section). For the initial experiments,
parameters were optimized to increase the number of VOCs and their associated integrated
signals. Once the method was optimized, UTAK standards (n = 10 samples) were ran on a
single day to qualify intra-day performance and reproducibility. For the qualification of
inter-day performance, at least n = 3 replicates from three different lab volunteers (along
with a UTAK standard) were analyzed each day for a total of four days (n = 48 samples in
total). For all experiments benchmarking inter-day performance, TIC or EIC signals were
normalized relative to the internal standard with the highest signal (IS #2). Inter-day and
intra-day VOC reproducibility was determined for each of the analytes by calculating and
comparing relative standard deviation (RSD) values. Additionally, integrated signals were
autoscaled (z-scored) to generate hierarchical heatmaps and conduct principal component
analysis (PCA) in Matlab (Natick, MA, USA).
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3. Results and Discussion
3.1. Optimization of Pretreatment Procedures

Prior to optimizing instrumental variables, off-column parameters were explored
to ensure a high concentration of urinary VOCs in the headspace that can be sampled
using the air probe (Figure 1). First, different volumes of the urine specimen aliquoted into
headspace vials were explored (1 mL, 2.5 mL, 5 mL and 7.5 mL). These data showed that the
total number of compounds among the different urine volumes was equivalent, except for
7.5 mL, which showed a significant decrease (Figure 2A). Because a handful of individual
compounds showed slightly increased sensitivity /reproducibility with a 5 mL volume,
this was determined optimal. Next, the effect of salting out (with pH correction to 7) was
determined to increase the number of VOCs detected in the urine headspace. Salt addition
was also studied in a quantitative fashion, with individual analytes showing positive
correlations up to 1.8 g, which is the saturation point for 5 mL of urine. Salt addition
beyond this amount showed no increases in sensitivity (Figure 2B). The temperature to
which the urine was heated prior to sampling was also studied, with values ranging from
30 to 60 °C. Temperatures above this were not tested, as this could induce undesirable
chemical reactions and modification of the native profile [33]. Nonetheless, individual
analytes within the UTAK standard displayed increased sensitivity with temperatures
up to 60 °C (Figure 2C). Agitation/heating time was also tested, and this showed that
although the number of VOCs detected was somewhat equivocal between the times of
15 and 45 min, individual volatiles including 4-heptanone and 1-pententylbenzene showed
increased sensitivity at the longest duration (Figure 2D). Finally, varying the agitation
speed during heating did not significantly impact the number of VOCs detected nor the
signal of unique analytes.
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Figure 2. (A) The total number of VOCs detected for different volumes of urine specimen showed that
7.5 mL had decreased sensitivity. (B) Salting out and pH correction showed a higher number of VOCs
detected in the urine headspace compared to untreated samples, with individual VOCs showing
increased signal up to the saturation point of 1.8 g. (C) Optimization of urine heating temperature
showed that 60 °C led to the highest signal of individual VOCs detected including 2-pentanone and
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acetone. (D) Exploration of agitation time led to the determination that 45 min showed increased
trends of compounds including but not limited to 4-heptanone and 1-pentenylbenzene.

3.2. Exploration of Portable GC-MS Parameters

The team first sought to study instrumental parameters related to the air probe; if VOCs
are not efficiently introduced into the GC-MS system, optimization of other parameters
may be meaningless. The primary parameters for air probe optimization included the
volume of gas sampled along with sampling time. Although both can be varied, the
flow rate of sampling could not be changed, and therefore, the team held this constant
at 100 mL/min. The standard sampling volume is 100 mL, and the team explored this
parameter at higher and lower levels (50 mL and 200 mL, respectively). These experiments
did not yield any significant differences regarding sensitivity or reproducibility. It should
be noted that the urine sample headspace is only approximately 5 mL, and therefore the
method can be considered as pseudo-dynamic with regard to headspace sampling. Given
that the air probe is not well situated to analyze small volumes of gas (5 mL), the sampling
regime must allow for proper airflow from the ambient environment. GC oven temperature
programming was also explored, and the temperature ramps were reduced as described
in the Methods section, but this did not show a significant increase in the number of
compounds detected. This also increased the chromatographic run time to over 20 min,
which is highly undesirable. Future experiments may be able to increase GC resolution (and
the number of VOCs detected) by implementing alternative column types with different
stationary phases.

Next, the team sought to explore standard and high-temperature methods for the
membrane, heated lines, and valve oven. Standard methods up to this point have operated
at temperatures 80 °C, 70 °C, and 70 °C, respectively. High-temperature methods may
be more suitable for larger compounds including semi-volatiles, and use temperatures of
120 °C, 110 °C, and 110 °C, respectively. Comparison of these methods led to the realization
that operating in high-temperature mode decreases the integrated signal for an array of
urinary compounds including but not limited to 4-heptanone, acetone, camphene, carvone,
2-pentanone, and 2,5-dimethylbenzaldehyde (Figure 3A). Beyond urinary compounds,
very interestingly, the internal standard gases also showed significantly reduced sensitivity
using the high-temperature methods (Figure 3B). The reasoning for this is most likely
because the membrane is composed of polydimethylsiloxane (PDMS), and it is generally
accepted that at higher temperatures, volatiles do not partition into a hot PDMS mem-
brane [34]. Additionally, the higher membrane temperatures induce a relatively higher
MS total pressure (=3 x 10~% Pa from ~2 x 10~* Pa). Therefore, the pressure difference
across the membrane is reduced in the high-temperature method and the VOCs may not
permeate to the MS detector with the same efficiency. Regarding MS parameters, the team
explored SIM modes for a handful of compounds previously detected in the optimization
experiments. Although compounds had a reduced integrated signal in SIM given the lack
of contribution of other fragmented ions, SIM did show the ability to reduce the signal of
background or potentially interfering compounds. Therefore, the authors suggest that SIM
may be useful in the future, after biomarkers for a given disease are initially screened in
full-scan mode. Operation in SIM would be premature at this stage, as unique VOCs from
different urine samples beyond the UTAK standard could be missed.
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Figure 3. The integrated signals of (A) urinary VOCs and (B) the HAPSITE® internal standards (IS)
show that the high-temperature method (for the membrane, heated lines, and valve oven) results in
decreased VOC sensitivity.

3.3. Benchmarking Intra-Day Reproducibility

Initially, to gain a deeper insight into method reproducibility, n = 10 replicates of the
UTAK urine standard were analyzed using the optimized portable GC-MS method on a
single day. An exemplary chromatogram of data obtained during these experiments is
shown in Figure 4. Peaks that were reliably detected in all samples were identified using
the NIST mass spectral library, and they are listed in Table 1 along with their retention times
(RTs) and base m/z peak within the mass spectrum. Although it can be seen in Figure 4 that
carvone and p-menth-1-en-3-one do not achieve high chromatographic resolution, the peak
finder tool using TICs could distinguish and integrate the two peaks in every sample run.
Integrated signals across the board were not controlled using the internal standard, as intra-
day runs should require limited to no normalization. The average abundances of VOCs
in the UTAK urine standard, along with the IS, are shown in Figure 5A. The compounds
with the largest abundances were ketones and terpenes/terpenoids including but not
limited to 4-heptanone, acetone, p-menth-1-en-3-one, and camphene. VOCs with relatively
lower signals consisted of aromatics (2,5-dimethylbenzaldehyde and 1-pentenylbenzene)
as well as other ketones (2-pentanone and 2-heptanone). RSD values were also calculated
for this set of compounds (Figure 5B) and this showed that most compounds displayed
RSD < 25%, except for 2-heptanone, 2,5-dimethylbenzaldehyde, and p-menth-1-en-3-one. It
is hypothesized that the reason for the slightly increased RSDs for these compounds may be
because they were some of the VOCs with the lowest abundance values. The increased RSD
for p-menth-1-en-3-one, on the other hand, may be due to poor chromatographic resolution.
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Figure 4. Exemplary chromatogram of portable GC-MS analysis of the UTAK urine standard for
qualification of intra-day variability.
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Figure 5. Comprehensive results from experiments qualifying intra-day reproducibility of the UTAK
urine standard (n = 10 replicates). (A) Bar plots show the TIC GC-MS signals for the VOCs listed
in Table 1, with ketones and terpenes/terpenoids showing high abundance. (B) Reproducibility of
VOC measurements across the 10 replicates through calculation of RSD values, with most analytes
displaying < 25%.
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Table 1. List of VOCs reliably detected in the UTAK urine standard for qualification of intra-day
reproducibility, along with their retention times (RTs) and base m/z peaks within the mass spectra.

VOCs RT (minutes) Base m/z CAS#
Acetone 0:46 43 67-64-1
HAPSITEIS 1 1:17 69 729-81-7
2-Pentanone 1:33 43 107-87-9
Pyrrole 2:09 67 109-97-7
HAPSITE IS 2 3:47 117 344-04-7
4-Heptanone 3:58 71 123-19-3
2-Heptanone 4:16 58 110-43-0
1-Hexanol, 2-ethyl- 6:52 57 104-76-7
Benzene, 1-pentenyl- 8:21 117 826-18-6
Benzaldehyde, 2,5-dimethyl- 9:09 134 5779-94-2
Carvone 9:27 82 99-49-0
p-Menth-1-en-3-one 9:33 82 89-81-6
Camphene 9:55 93 79-92-5

3.4. Inter-Day GC-MS Performance

After benchmarking intra-day reproducibility, urine replicates across the three lab
volunteers (and the UTAK standard) were analyzed on four different days. The peak
finder tool was used to identify conserved peaks across the different sample types. Once
all the data were processed, it was soon realized that in some samples, the peak finder
tool could not distinguish peaks that did not achieve baseline chromatographic resolution.
Therefore, to isolate peaks that are more VOC-specific, EICs were utilized for a handful
of compounds. For example, carvone and p-menth-1-en-3-one were not distinguishable
in every sample, and analysis of multiple samples made it clear there were coeluting
peaks including allyl isothiocyanate and 4-heptanone. Finally, EICs were also utilized to
quantify 1-pententlybenzene due to the interference of some silanes/siloxanes (byproducts
of method or column). All analytes that were detected in at least one of the sample types
are listed in Table 2, along with their RTs and characteristic 71/z peak. Prior to exploring
differences, intra-day reproducibility was assessed for each sample type and RSD values
were approximately 20% with a general range between 15 and 30% (Figure 6). These
values are deemed acceptable and in range, given that IS #1 (normalized relative to IS
#2) displayed similar RSD ranges. It should be noted that only VOCs were included in
which a calculatable RSD could be achieved for each volunteer/standard (removal of
peaks with sparse or zero values). In volunteer 1, increased RSD values were observed for
2-heptanone, 1-pentenylbenzene and 3-butenyl isothiocyanate. This is most likely because
these compounds had sparse or low abundance values in this volunteer’s samples.

Next, to explore differences in expression among the four sample types, a hierarchical
heatmap (Figure 7) was produced for the compounds listed in Table 2. On the heatmap,
each VOC is listed as a row with the columns representing each of the sample replicates.
Red colors are designated for relatively high expression levels, green for relatively low
levels, and black for median signals. Hierarchical clustering on the left-hand side of the
y-axis shows which features display similarities in expression in the collected sample
types. In other words, VOCs that cluster together show homologous trends in the different
sample types analyzed. Interestingly, the heatmap shows unique differences among the
sample types consistently across the four different days of analysis. For example, for most
compounds, volunteer 1 had the lowest signal, except for eucalyptol, which was unique to
this volunteer. The UTAK standard had the most abundant profile in general, apart from a
handful of compounds that showed enrichment in volunteer 2. It should be noted that the
VOCs associated with volunteer 2 comprised mostly of sulfur compounds, which may or
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may not be due to dietary factors [35]. Finally, for pyrrole and 2-pentanone, volunteer 3
had the highest signal for these analytes.

Table 2. List of VOCs reliably detected in at least one of the sample types (volunteers 1-3 and the
UTAK standard) for inter-day GC-MS experiments. Retention times (RTs) and m/z peaks are listed
for these VOCs.

VOCs RT (minutes) mlz CAS#
Acetone 0:46 43 67-64-1
2-Pentanone 1:33 43 107-87-9
Pyrrole 2:09 67 109-97-7
3-Hexanone 2:33 57 589-38-8
Allyl thiocyanate 3:32 99 764-49-8
Allyl Isothiocyanate 3:55 99 57-06-7
4-Heptanone 3:57 71 123-19-3
2-Heptanone 4:16 58 110-43-0
3-Butenyl isothiocyanate 5:44 72 3386-97-8
o-Cymene 6:51 119 527-84-4
1-Hexanol, 2-ethyl- 6:52 57 104-76-7
Eucalyptol 7:00 71 470-82-6
Benzene, 1-pentenyl- 8:21 117 826-18-6
Benzaldehyde, 2,5-dimethyl- 9:09 134 5779-94-2
Carvone 9:27 108 99-49-0
p-Menth-1-en-3-one 9:33 110 89-81-6
Iberverin 9:51 101 505-79-3
Camphene 9:55 93 79-92-5
60
50
= 40
g :2,2 = UTAK
200 4 %2
] thahdll
* 120 4 N ?\\&
8 100 A @
@ 804, . ) = UTAK
60
40 - V1
20 - V2
0 V3
@ & @ N N W @ @ N @ .
'@,\\0(‘ d?,}o(‘\q}(\o ({/\‘5 Q\@&Q‘\éo ‘\'b(\é\@&(\é@&c\’bo&
P T & W& FORCARE R
v LN\ o S V g
& N YIRS
&N P
QQJ QQ' %\‘)\
-

Figure 6. Bar charts showing RSD% values for qualified VOCs in the inter-day VOC experiments,
showing that except for some VOCs with a low-intensity signal in volunteer 1, most analytes had
RSD at approximately 20%. This mirrored the reproducibility of the internal standard.

Although the heatmap showed visual differences between analytes among sample
types, PCA was used to visualize VOC profile differences among different volunteers in a
lower, two-dimensional space. Using the analytes listed in Table 2, PCA was implemented
to visualize global patterns within the data to ultimately demonstrate that the portable
GC-MS and sampling methodology can distinguish between urinary profiles of different
volunteers. Before visualizing the PCA scores in a two-dimensional space, the authors
ensured that sufficient variation was captured by the first two principal components.
The plot in Figure 8A shows the explained variation as a percentage for each PC. By
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analyzing the first two PCs alone, over 70% of the variation within this dataset was captured.
Along the first two principal components illustrated in Figure 8B, PCA scores for the
different volunteers and the UTAK urine standard were clearly distinguishable with 100%
accuracy across all four days. Although the results show a limited number of compounds
detected using the portable GC-MS compared to reports using benchtop systems [36], the
comprehensive results demonstrate that this method can be reliably used to differentiate
between volatilomic profiles in human urine. In the future, this methodology should be
expanded to urine samples collected from humans diagnosed with medical conditions to
more directly assess the ability of this technique to distinguish VOC biomarker profiles.
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Figure 7. Hierarchical heatmap of qualified VOCs (listed in Table 2) detected in the inter-day portable
GC-MS experiments, showing that the volunteers and UTAK urine standard had differences in VOC
profiles and expression.
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Figure 8. Principal component analysis (PCA) of VOC data collected during the inter-day analysis
of urinary VOCs across the volunteers and the UTAK urine standard. (A) Latency scatter plot
shows the amount of variation that each principal component accounts for. (B) PCA score plot in
two-dimensions shows the ability of the method to discriminate between urinary VOC profiles from
samples collected from different individuals (and the UTAK standard). Different colored shades in
the PCA score plot correspond to different days of analysis.
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3.5. Interrogating VOC Functionality

For all compounds analyzed, functional group frequency was undertaken to ex-
plore structural features within the dataset (Figure 9). Among the VOCs, ketones, ter-
penes/terpenoids, aromatics, and thiocyanates were the functional groups with the highest
frequency. Other functional groups with low frequency (only one compound detected)
included an aldehyde and heterocycle. Most importantly, volatiles and functional groups
reported to be detected by portable GC-MS in this study have also been reported using
benchtop systems. Moreover, several analytes detected by the portable GC-MS are also im-
plicated to be biomarkers for different medical conditions in previous reports. For example,
acetone (both in urine and breath) is a well-established biomarker for diabetes that can be
used to noninvasively measure blood glucose levels [37,38]. 2-Pentanone, another urinary
ketone, is considered to be a candidate biomarker for lung cancer [39]. Ketones beyond
the specific ones mentioned have also been implicated as urinary biomarkers for various
types of cancer [18]. 2,5-Dimethylbenzaldehyde, an aromatic aldehyde, has been implicated
as an important urinary biomarker for prostate cancer screening applications in multiple
studies [40,41]. Finally, terpenes/terpenoids, including the specific analytes identified in
this study, have been previously reported to be biomarkers for breast cancer and other
conditions [42,43], although their biological origin and clinical relevance are still up for
debate. Taken as a whole, especially given the low diversity of sample types collected in
this pilot study, the portable GC-MS is well-situated to detect previously proposed VOCs
that may be clinically relevant in noninvasive health monitoring.
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Alcohol |
Thiocyanate Im
Aromatic “‘\ﬁj
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Figure 9. Functional group frequency analysis of the urinary VOCs qualified and detected in the
inter-day portable GC-MS experiments.

4. Conclusions

In this study, an optimized method was developed to deploy the HAPSITE® ER
portable GC-MS to detect VOC profiles emanating from human urine headspace using
the standard air probe attachment/module. Various off-column, on-column, and MS
parameters were explored to ensure the elucidation of the densest VOC profile with high
fidelity and reproducibility. By analyzing a high number of replicates on the same day,
as well as different days, the team robustly benchmarked intra- and inter-day variability
to be between 20 and 30% for most analytes identified in urine, except for some analytes
that displayed low-intensity signals. Once reproducibility was determined, univariate
and multivariate approaches were implemented to observe any differences in sample
profiles. These analyses led to the realization that the portable GC-MS had sufficient
sensitivity and resolution to discriminate healthy human VOC profiles with 100% accuracy
(as evidenced by the three volunteers and the UTAK standard). These preliminary results
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show the promise of state-of-the-art portable GC-MS instrumentation to be potentially
implemented in clinical and point-of-care scenarios for biomarker detection. Future studies
should focus on increasing method sensitivity to gain a deeper volatilomic profile that
is more reflective of results obtained using benchtop instruments. The team anticipates
that exploring alternative preconcentration techniques, such as solid phase microextraction
(SPME), needle trap microextraction (NTME), thin film microextraction (TFME), stir bar
sorptive extraction (SBSE), and thermal desorption (TD), will significantly increase the
signal-to-noise ratio of analytes and the number of VOCs detected. Future studies will
be undertaken to compare these alternative techniques to the results presented in this
manuscript using the air probe and Tri-Bed Concentrator Tube. Finally, portable GC-
MS performance needs to be studied in the context of medical conditions to ultimately
demonstrate clinical utility.
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