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Part I: Biomarkers of Lipid Oxidation in the Oral Cavity 

 

Heather A. Vereb 

 

ABSTRACT 

 

 

Measuring lipid oxidation is useful as a means of monitoring oxidative stress, such as that 

induced by clinical conditions or environmental exposure.  Characteristic volatile compounds, 

often with low threshold odors, are secondary products of lipid oxidation reactions.  Metallic 

flavor in food and beverages has been linked with oxidation of lipids in the oral cavity.  Breath, 

an emerging medium for analysis of internal condition, is one means of measuring the metal-

induced lipid oxidation responsible for this flavor.  This project analyzes the breath of human 

subjects, as well as lipid oxidation of in vitro samples to identify compounds responsible for 

producing metallic flavor, which result from the oxidation of lipids in the oral cavity.  Because 

these analytes are found at extremely low (picomolar to nanomolar) concentrations, 

preconcentration of samples prior to gas chromatography-mass spectrometry analysis is crucial.  

This study utilizes both solid phase microextraction (SPME) and micromachined silicon 

micropreconcentrators to concentrate compounds in breath to optimize analysis. 

  



iii 
 

Dedication 

This thesis is dedicated to Mom and Becky:  

thank you for helping me get to where I am today by offering unyielding love and support during 

every leg of this convoluted journey. 

I love you guys.  



iv 
 

Acknowledgements 

 

I would like to thank all faculty, staff, and students who have made my Virginia Tech experience 

a positive and fulfilling one.   

I thank Dr. Dietrich for making me feel welcome in graduate school and for helping me find a 

“home” in the lab.  And thanks to all of my committee members, Dr. Dietrich, Dr. Agah, and Dr. 

Vikesland, for support and advice on this project. 

Thanks to my willing subjects, Andrew, Jia, Bassam, and Dr. Dietrich, without whom I would 

have been a very busy, very breathless woman.   

Thank you to Ms. Beth Lucas and Ms. Betty Wingate for administrative support: i.e., answering 

the same questions several times and still managing to do it with a smile. 

Thank you to Ms. Jody Smiley and Ms. Julie Petruska for invaluable guidance in the lab and 

instrument room, smiles in the hallway on even the roughest days, and your constant willingness 

to help – no matter what help was needed. 

Thanks to Bassam for being a master precon designer, dedicated lab mate, encouraging mentor, 

and, most importantly, a true friend. I would still be floundering in grad school madness without 

you. 

To my friends and family for whom there are no words, thank you for everything. 

And finally, my PM, thank you for always giving me what I needed, even when I wasn’t sure 

what that was.  For never letting me be too hard on myself and for keeping me not only sane but 

remarkably positive through all of this.  You’re my favorite (+1). 

  



v 
 

 

Table of Contents 
Part I: Biomarkers of Lipid Oxidation in the Oral Cavity 

Abstract ......................................................................................................................................................... ii 

Dedication .................................................................................................................................................... iii 

Acknowledgements ...................................................................................................................................... iv 

Table of Contents .......................................................................................................................................... v 

List of Figures ............................................................................................................................................. vii 

List of Tables ............................................................................................................................................. viii 

Introduction ................................................................................................................................................... 1 

Methods ...................................................................................................................................................... 12 

Results ......................................................................................................................................................... 16 

Discussion ................................................................................................................................................... 38 

Conclusion .................................................................................................................................................. 41 

References ................................................................................................................................................... 42 

Part II: The Possibilities Will Take Your Breath Away: Breath Analysis for Assessing Environmental 

Exposure ..................................................................................................................................................... 50 

A Breath of Life .......................................................................................................................................... 51 

Breath as an Indicator of Exposure and Dose ............................................................................................. 51 

Breath Analysis ........................................................................................................................................... 52 

Environmental Sources ............................................................................................................................... 54 

Indoor Air Regulations ............................................................................................................................... 55 

Looking Ahead: Needs for Environmental Breath Analysis ....................................................................... 56 

Author Information ..................................................................................................................................... 56 

Biography .................................................................................................................................................... 56 

Acknowledgement ...................................................................................................................................... 56 



vi 
 

References ................................................................................................................................................... 56 

Appendix A: Method Development Schematics ......................................................................................... 60 

Appendix B: Lipid Oxidation Raw Data - Combined ................................................................................. 62 

Appendix C: Select Individual Chromatograms ......................................................................................... 63 

Appendix D: High Density Polyethylene (HDPE) Pipe Data ..................................................................... 74 

List of Figures 

Part I 

Figure 1 – Reduced Volume Sample Bag ................................................................................................... 13 

Figure 2 – Reduced Volume Sample Bag from Side with Valve ............................................................... 13 

Figure 3 - µPC Capillary Tubing Inserted through Septum in Second Valve ............................................ 13 

Figure 4 - µPC Capillary Tubing Inserted through Nested Valves, in Preparation for Sample Extraction 

from Bag  .................................................................................................................................................... 14 

Figure 5 – Modified Erlenmeyer Flasks Used for Some In Vitro Sample Collection ................................ 15 

Figure 6 – Chromatogram Overlay of One “After Fe
2+

” Breath Same Concentrated by a PDMS-DVB 

SPME and a Packed DVB µPC  ................................................................................................................. 20 

Figure 7 – Chromatogram Overlay of One “After Fe
2+

” In Vitro Linoleic Acid Sample Concentrated by a 

PDMS-DVB SPME and a packed DVB µPC ............................................................................................. 23 

Figure 8 – Comparison of Packed Tenax, Etched Tenax, and Packed DVB µPCs, Concentrating “After 

Fe
2+

” In Vitro Linoleic Acid Samples ......................................................................................................... 25 

Figure 9 – Comparison of “Before’ Breath from Subject A and Subject J, Concentrated using a Packed 

DVB µPC .................................................................................................................................................... 27 

Figure 10 – Comparison of “After” Breath form Subject A and Subject J, Concentrated using a Packed 

DVB µPC .................................................................................................................................................... 28 

Figure 11 – Chromatogram Overlays (“Before” and “After Fe
2+

”) from Subject A, Breath Samples 

Concentrated with a Packed DVB µPC ...................................................................................................... 30 

Figure 12 - Chromatogram Overlays ("Before" and "After Fe
2+

") from Subject H, Breath Samples 

Concentrated with an Etched Tenax µPC ................................................................................................... 31 

Figure 13 – "Before" and "After the addition of Fe
2+

" Samples from In Vitro Studies of Linoleic Acid 

(from Different Trials), Concentrated with Same Packed DVB µPC ......................................................... 33 



vii 
 

Figure 14 – Variation in Four “After Fe
2+

” Linoleic Acid In Vitro Samples, Concentrated Using the Same 

Packed DVB µPC ....................................................................................................................................... 34 

Figure 15 – Ambient Air from a Conference Room, Lab, and the Outdoors Concentrated Using an Etched 

Tenax µPC .................................................................................................................................................. 35 

Figure 16 – Standard Curves for Hexanal, Octanal, and Nonanal, and the Values Used to Produce 

Them ........................................................................................................................................................... 36 

Part II 

Figure 1 – Respiratory System and Components of Breath ........................................................................ 52 

Figure 2 – Micropreconcentrators (µPCs) are used to concentrate gaseous analytes. A.) Shows the front 

(left) and back (right) view of a µPC next to a pencil. The back of the device includes heaters to volatize 

samples for GC analysis.   B.) and C.) show magnifications of the front of the device, including the 

adsorbent covered 3-D microstructures within the central microcavity (B) used to increase adsorptive 

surface area for better sample concentration and the ports on either side of the device through where 

carrier gas is introduced during analysis (C). ............................................................................................. 54 

Figure 3 – Hot showers are a source of trichloromethane, a volatile disinfection byproduct in tap water 

and the agent in the above scenario (represented by red triangles). The individual on the left is proximal to 

the source and experiences a relatively high exposure (triangles in the air) and consequent dose (triangles 

in the body) of the chemical.  Though the trichloromethane will diffuse around the bathroom door and 

into the adjacent room (right), the sleeping individual is farther from the source, where the agent is more 

diffuse.  This results in a lower exposure and a smaller dose of the agent, relative to the individual in the 

shower.   ...................................................................................................................................................... 54 

List of Tables 

Part I 

Table 1 – Common Fatty Acids in the Oral Cavity and their Relative Proportions ..................................... 7 

Table 2 – Odorous Lipid Oxidation Products Created from the Oxidation of Different Fatty Acids ........... 7 

Table 3 – Compounds Found in Breath of Healthy Individuals ................................................................... 8 

Table 4 – Odor Thresholds in Air of Lipid Oxidation Products Detected in this Study ............................. 11 

Table 5 – Lipid Oxidation Products Found in this Study and the Numbers Used to Label tem in 

Chromatograms throughout this Report ...................................................................................................... 18 

Table 6 – Odors of Lipid Oxidation Products Found in this Study ............................................................ 19 

Table 7 – Total Lipid Oxidation (LO) Products in All Subjects’ Breath (Before and After Fe
2+

 Metal 

Exposure), Arranged by Subject and Method of Sample Preconcentration ................................................ 20 



viii 
 

Table 8 – Total Lipid Oxidation (LO) Products in Different Subjects’ Breath (Before and After Metal 

Exposure), Arranged by Subject and Preconcentration Method ................................................................. 21 

Table 9 – Lipid Oxidation (LO) Products in Two Subjects’ Breath (Before and After Metal Exposure) 

Over Three Separate Sampling Periods, Arranged by Sample ................................................................... 21 

Table 10 – Lipid Oxidation (LO) Products from Linoleic Acid In Vitro Studies (Before and After Metal 

Exposure), Arranged by Preconcentration Method ..................................................................................... 22 

Table 11 – Composite Data of Lipid Oxidation Products Found by Different Sampling and 

Preconcentration Methods .......................................................................................................................... 24 

Table 12 – Composite Breath Data of Lipid Oxidation Products Found, Organized by Preconcentration 

Method and Subject .................................................................................................................................... 26 

Table 13 – Lipid Oxidation Products Found in Two Different Subjects during three Separate Breath 

Sampling Events ......................................................................................................................................... 29 

Table 14 – Lipid Oxidation Products Found in Individual Linoleic Acid In vitro Sampling Events, 

Organized by Preconcentration Method ..................................................................................................... 32 

Table 15 – Peak Areas and Calculated Concentrations of C6, C8, C9 Aldehydes in Select Samples ........ 37 

Table 16 – Odor Thresholds of Select Lipid Oxidation Products and the Concentrations at which they 

were Detected in Breath .............................................................................................................................. 38 

Part II 

Table 1 – Definition of Terms Common in Breath Studies ...........................................................52 

Table 2 – Studies Illustrating the Usefulness of Breath as a Biomarker of Environmental 

Exposure and Dose ..................................................................................................................53 

 



1 
 

Introduction 

I. Gas Chromatography Analysis and Preconcentration 

Gas chromatography (GC) was developed in the 1950’s as a means of analyzing 

temperature-stable volatile substances.  This method achieves separation of components in 

complex mixtures, using a gaseous phase to move analytes through a liquid or solid stationary 

phase in packed or capillary columns.  A carrier gas (high purity hydrogen, helium, or nitrogen) 

is used to transport the sample through the column.  Columns vary in internal diameter, length, 

and composition of the stationary phase.  The latter is chosen based on the polarity and elution 

temperatures of analytes of interest.  Nonpolar analytes are separated based on their boiling 

points, while polar compounds are distinguished based on polarity.  These characteristics affect 

compounds’ affinities for the stationary phase and, consequently, the time at which they arrive at 

the detector (at the end of the column).  These times, generally characteristic of the compound 

and analysis parameters (column length, carrier gas flow, etc.), are called retention times.  Each 

detector exhibits a different level of sensitivity and linear range and responds best to varying 

categories of compounds.  For example, organic molecules are commonly analyzed using flame 

ionization detectors (FID), while halide analysis incorporates an electron capture detector (ECD).  

Identification of analytes using such detectors requires peak comparisons with standards.  

Alternatively, a mass spectrometer (MS) provides the most flexibility, especially when 

identifying unknowns without the need for standards.  Using a library search feature, an MS 

tentatively identifies the chemical structure of the compounds based on the mass/charge ratios of 

characteristic fragments produced when compounds are ionized.   

With the advent of GC, detection limits were lowered from parts per million (ppm) to 

parts per billion (ppb), allowing for the measurement of analytes previously undetectable with 

any degree of certainty.  Currently, detection limits of parts per trillion or lower are achievable 

(Miekisch et al., 2006), owing at least partly to the development of methods for preconcentrating 

samples prior to GC analysis.  Preconcentration allows for the extraction of diffuse samples from 

a large volume, allowing for the detection of much lower concentrations of analytes. 

The two primary forms of preconcentration are cryogenic and sorption trapping.   

Cryogenic concentration involves the cooling of a sample as it passes through a glass tube cooled  

by cryogenic fluids (e.g., liquid nitrogen) at temperatures typically between -150 and -170˚C 
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(Kolb, 1999).  Sorption trapping utilizes an adsorbent to collect analytes as a sample is actively 

pumped across the adsorbent for several minutes or passively collected by the adsorbent over a 

period of days (Ras et al., 2009).  This method relies on the phenomena of adsorption, 

absorption, chemical adsorption, capillary condensation, or dissolution (Alfassi and Wai, 1992).   

In sorption trapping methods (the focus of this paper), the amount of sorbent surface area 

available correlates directly with the amount of analyte that will be adsorbed.  The adsorbent is 

selected based on the analytes of interest. Volatile organic compounds (VOCs) are best captured 

based on their volatility: light VOCs (C2-C5) require cryogenic trapping, mid-range VOCs (C5-

C12) would typically be captured well on carbon-based and polymer adsorbents (Tenax TA, 

Carbopack X, Carboxen 1021), while semi-volatiles (> C12) are adsorbed by silica gels or 

polyurethane foam plugs (Helmig, 1999).  The adsorbent of choice may be packed into glass or 

stainless steel tubes, which are roughly 1-10 cm in length, (Russell 1975; Brown and Purnell, 

1979; Pellizzari et al., 1976) or used to coat a 1 cm polymer fiber.  The latter method, developed 

in 1989 (Belardi) is termed solid phase microextraction (SPME).  The fiber is contained in a 

syringe-like holder from where it can be released and retracted, using a plunger.  Sorbent tubes 

require a specialized apparatus for desorption, while SPME fibers can be desorbed directly in the 

injector port of a GC.  The concentration technique choice depends on the analytes of interest, at 

what concentrations they are found in the sample, complexity of analysis, time, and whether the 

analysis is intended to be quantitative and/or qualitative.   

While SPME has been popular as a preconcentrator in a variety of applications, other 

preconcentrators have been borne of a field aiming to decrease the size and increase the 

portability of the entire GC analysis process.  Current bench top GC apparati have been 

streamlined and their size reduced significantly over the years; however, the method still has 

limited portability for direct use.  As applications diversify, this generally requires that samples 

from the field be collected there and transported to the lab for analysis, which increases the risk 

for sample loss and contamination.  Though GC miniaturization was introduced in the 1970s 

(Terry et al., 1979), new technologies in microfabrication have allowed the field to expand.  

Micromachining technology of silicon wafers has allowed for the development of micro gas 

chromatography (µGC) systems, including preconcentrators (Alfeeli et al., 2008; Alfeeli et al., 

2009; Alfeeli and Agah, 2011; Kim and Mitra, 2003; Tian et al., 2005), separation columns 

(Agah et al., 2006, Ali et al., 2009), and detectors (Cruz et al., 2007, Narayanan et al., 2010) that 
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require little power, small sample volumes, and few consumables.  Such advances will allow the 

technology to move toward a portable, real-time analysis method, more easily used in clinical 

and field settings (Miekisch et al., 2006). 

Micropreconcentrators (µPCs) may be used in series with other micromachined 

components or implemented independently as a preconcentrating mechanism for use with bench 

top GCs.  The devices are designed on a silicon wafer, sealed with a with Pyrex wafer.  A variety 

of designs exist, including those with a hollowed-out microcavity packed with granular 

adsorbent (Tian et al., 2005) and others with etched structures coated by a thin layer of liquid 

adsorbent (Alfeeli and Agah, 2011; Alfeeli et al., 2008; Alfeeli et al., 2009).  As previously 

mentioned, adsorption efficiency depends on the ability of the gaseous sample to interact with 

the solid adsorbent; therefore, adsorbent surface area is key to optimal performance.  Device 

design considers type of adsorbent, adsorptive surface area, and maximization of flow to ensure 

optimal contact time between sample and adsorptive surfaces and maximum adsorption of 

desired analytes (Alfeeli et al., 2008).  Preconcentrators accumulate sample over a period of time 

and then release them at once, in the form of a concentrated plug.  Rapid desorption occurs on a 

heater with an extremely fast ramp rate as carrier gas flows through the µPC and onto the column 

for analysis (Alfeeli and Agah, 2011; Alfeeli et al., 2008).  This provides a detectable amount of 

even diffuse, low concentration analytes and introduces the sample into the GC in a way that 

enhances separation.  The use of paired concentrators has further allowed for the removal of 

unwanted analytes, while also significantly reducing water vapor from samples (Cho et al., 2005; 

Alfeeli et al., 2009). 

II. Breath Analysis 

One application for the use of GC that often requires preconcentration of samples is that 

of breath analysis (Vereb et al. 2011).  Pauling et al. (1971) used GC to identify 250 compounds 

in human breath.  In the last few decades, uses of breath analysis by GC have diversified to 

include monitoring clinical conditions (Song et al., 2010; Deng et al., 2004; Van den Velde et al., 

2008; Aghdassi et al., 2000), measuring occupational exposures (Chen et al., 2002; Engstrom et 

al., 1978; Ghittori et al., 2004; Perbellini et al., 2003), and evaluating exposure to compounds in 

the course of daily life (Egeghy et al., 2000; Kim, 2008; Park and Jo, 2004; Schreiber et al., 

2002).   



4 
 

Breath is a complex matrix dominated by common gases (e.g., CO2, N2, H2O, etc.) 

interspersed among hundreds to thousands of other compounds, including those produced within 

the body (Risby and Solga, 2006) and as those internalized from the environment (Egeghy et al., 

2003; Kim, 2008). Breath from various portions of the respiratory system has differing value for 

researchers.  Studies of flavor (Denker et al., 2006) or conditions of the mouth (Phillips et al., 

2005; Van den Velde et al., 2007b) may focus on the first 150 – 200 mL of an exhaled breath, 

which represents the volume of air occupying the oral cavity and, potentially, the nasal passages.  

Procedures focusing on breath as an indication of the internal environment, however, are much 

more likely to discard such “dead space” air in favor of the end-tidal volumes.  This air comes 

from deep within the lungs where it has contacted the blood at the diffusive barrier of the alveoli.  

Thus, it is more representative of internal conditions (Mendis et al., 1994; Van den Velde et al., 

2007). 

Breath analysis does present its own challenges.  The low concentration of analytes, 

hundreds of unique compounds present (Phillips et al., 1997; Van den Velde et al., 2007), and 

high humidity (10,000s of ppm) (Cho et al., 2006) of breath can make it difficult to extract 

specific analytes of interest.  Unwanted air from other sections of the respiratory system has the 

potential to dilute the sample of interest and complicate results.  Further, many of the compounds 

are found in ambient air at similar concentrations (Larsted et al., 2006; Svensson et al., 2007).  

Consequently, such background levels must be accounted for in a consistent, reliable manner 

(Kim, 2008; Phillips, 1997; Qin et al., 2006; Van den Velde et al. 2007). 

Though many challenges still exist with widespread application of breath analysis (Vereb 

et al., 2011), breath is increasingly used as a matrix of measuring subjects’ dosage of various 

agents (Chen et al., 2002; Egeghy et al., 2003; Engstrom et al., 1978; Fantuzzi et al., 2000; 

Ghittori et al., 2004; Ong et al., 1991).  Studies have shown that breath and blood concentrations 

correlate (Chen et al., 2002; Engstrom et al., 1978).  Breath offers a less invasive alternative to 

traditional blood sampling methods for analyzing internal conditions.  

III. Lipid Oxidation 

Once refined, breath analysis will be valuable in a variety of fields.  Common to several 

of these, including monitoring disease state and environmental exposure, is an interest in 

measuring products of oxidative stress. Oxidative stress is a condition that results when there is 

an imbalance between radical oxygen species (responsible for initiating lipid oxidation) and 
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antioxidant processes in the body (Gille and Joenje, 1991).  Oxidative stress is measurable by the 

level of lipid oxidation occurring in an individual.  Lipid oxidation is a chain reaction, which 

involves three phases: initiation, propagation, and termination. 

Radicals are chemical species with unpaired electrons.  Though highly unstable, such 

species are able to pull hydrogen atoms from other molecules, initiating a chain reaction that can 

lead to cell damage.  Radicals may be generated by a variety of mechanisms, including light, 

heat, redox reactions, and transition metals.  Though the nature of this initial radical formation is 

not completely understood, it is thought that transition metals reduce oxygen, forming the 

superoxide radical (O2˙
-
), as follows: 

Fe
2+

 + O2  Fe
3+

 + O2˙
-
 

Superoxide reacts with hydrogen ions and quickly forms hydrogen peroxide (H2O2), 

which reacts with ferrous iron, via the Fenton reaction, to form the hydroxyl radical (˙OH). The 

Fenton reaction (M + A-B  M
+
 + A

-
 + B˙) describes the mechanism by which this occurs.  

Though O2˙
-
, H2O2, and ˙OH are all capable of oxidizing other molecules, the hydroxyl radical is 

the most reactive of the three and thought to be primarily responsible for lipid oxidation.  Likely, 

the main role of superoxide and hydrogen peroxide in oxidation is their involvement in the 

formation of hydroxyl radicals. (Symons and Gutteridge, 1998) 

Lipid oxidation results when these radicals react with the fatty acid side chains of cell 

membrane lipids (Gille and Joenje, 1991).  Cell membranes consist of lipids, protein, and 

oligosaccharides (Singer and Nicholson, 1972).  Membrane fluidity, critical for adequate cell 

function, is maintained by PUFA side chains of membrane lipids (Catala, 2008). Of the fatty 

acids, long hydrocarbon chains with a carboxyl group at one end, unsaturated fatty acids are 

more prone to such reactions than saturated fatty acids.  Susceptibility to oxidation increases 

with the number of double bonds in a molecule because the attraction for allylic hydrogen atoms 

on the former is weakened by the adjacent double bond, making abstraction easier.  Radicals, 

such as ˙OH remove allylic hydrogen atoms from lipids to form a carbon-centered radical on the 

fatty acid.  This fatty acid radical reacts with molecular oxygen, forming lipid hydroperoxides.  

These products can then further react with iron, generating more radicals and perpetuating a 

chain of oxidation reactions. (Symons and Gutteridge, 1998)   
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The three phases of this reaction, initiation, propagation, and termination, are summarized below 

(Gunstone, 1996): 

Initiation:  RH  R˙ 

 

Propagation:  R˙+ O2  RO2˙ 

RO2˙ + RH  ROOH + R˙ 

Termination:  RO2˙ + RO2˙   

RO2˙ + R˙   Stable Products 

R˙ + R˙  

   

Hydroperoxides may decompose quickly to form odorous secondary products, including 

a variety of alkanes, aldehydes, ketones, alcohols, acids, and esters (Mallia et al., 2009; Meynier 

et al., 1998; Selke et al., 1971; Withycombe et al., 1971).  Though the amounts of products 

created are minute, picograms per liter (pg/L) to nanograms per liter (ng/L) (Fuchs et al., 2009; 

Kanoh et al., 2005; Larsted et al., 2002; Van den Velde et al., 2007, Van den Velde et al., 

2007b), their sensory threshold in humans is low enough that they are easily sensed (Gunstone, 

1996). 

Different types of epithelia and, consequently, different parts of the body, have 

characteristic fatty acid composition.  Table 1 shows that the lining of the oral cavity, including 

the insides of the cheek, tongue, and gums, predominantly consists of oleic acid, palmitic acid, 

and linoleic acid.  Of these, oleic and linoleic acids are of particular interest in relation to lipid 

oxidation studies because their double bond(s) make them more susceptible to the hydrogen 

abstraction that initiates the chain reaction.  Arachadonic acid is also known to produce odorous 

lipid oxidation products when oxidized.   
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Table 1 - Common Fatty Acids in the Oral Cavity and their Relative Proportions 

#of C atoms: # 

double bonds  

Fatty Acid  Relative Proportion   

+/- std error of mean  

C18:1  Oleic Acid  43.80% +/- 1.08  

C18:2  Linoleic Acid  10.01% +/- 0.32  

C20:4  Arachadonic Acid  1.6% +/- 0.26  

C14:0  Myristic Acid  2.04% +/- 0.36  

C16:0  Palmitic Acid  21.98 +/- 1.04  

C16:1  Palmitoleic Acid  8.81% +/- 0.93  

C18:0  Stearic Acid  3.70% +/- 0.11 

C22:6  Docosahexanoic Acid  1.77% +/- 0.27  

Source: MacLeod et al., 1990 

 

Depending on the fatty acid being oxidized, different characteristic lipid oxidation 

compounds are produced. Table 2 highlights the categories of products from the oxidation of 

oleic acid, linoleic acid, and arachadonic acid, respectively, as well as odors associated with 

compounds in each category and the thresholds of such odors. 

Table 2 - Odorous Lipid Oxidation Products Created from the Oxidation of Different Fatty Acids 

  

 

Lipid oxidation products are known to be produced during periods of oxidative stress and 

any time lipids are oxidized.  As Table 3 shows (italicized compounds are lipid oxidation 

Fatty Acid (Chemical Formula) Autoxidation Products 

Representative Compounds With Known Odor Properties 

Compound Odor Description Threshold in Water (ppm) 

 

Oleic Acid (C18H34O2) 
 
 

 

 
Source: wikipedia.org 

C6-8 Hydrocarbons       

C2-11 Alkanals                

C6-11 Alkenals               

C1, 6-9 Acids 

C5-8 C2-8 Alkylformates 

 Octanal 

 

 Nonanal 

 

 Decanal 

 fatty, soapy, fruity 

 

 soapy, fruity 

 

 orange peels 

 0.0007 

 

 0.001 

 

 0.001 

 

Linoleic Acid (C18H32O2)  

 

Source: wikipedia.org 

C3-5 Hydrocarbons  

C3-8 Alkanals  

C7-10 Alkenals  

C9-10 Alkadienals  

C6-9 Acids  

C5-8 Alkanols  

C2-8 Alkylformates 

 Hexanal 

 

 Heptanal 

 

 Trans-2-

heptenal 

 

 green, fruity, bitter, 

almond 

 oil, putty 

 

 putty, fatty, bitter, 

almond 

 0.008 

 

 0.003 

 

 0.051 

 

 

Arachidonic Acid (C20H32O2) 

 
 Source: wikipedia.org 

C5-6 Alkanals  

C7-10Alkenals  

C10, 12 Alkadienals  

C13 Alkatrienal  

C8 Alkenone  

C11 Alkadienone 

 Pentanal 

 

 Trans-2-

Nonenal 

 

 

 1-octen-3-one 

 sharp, bitter, 

almond 

 

 tallowy, cucumber,  

startch, glue 

 

 mouldy, 

mushroom, 

metallic 

 0.012 

 

 0.0008 

 

 

 8.9X10
-5

 

Source: Grosch, 1987 
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products), the average person has a certain level of background oxidation, measurable in breath, 

even when healthy.   

Table 3 - Compounds Found in Breath of Healthy Individuals (Lipid Oxidation Products in Italicized Text) 

% of 40 

subjects, mean 

age 41yr 
Compounds Present 

 
% of 40 subjects, mean age 41yr Compounds Present 

100 2-methyl-butane 
ethanol 
acetone 
isoprene 
2-propanol 
ethyl acetate 
cyclohexane 
benzene 
heptane 
methyl cyclohexane 
toluene 
octane 
ethylbenzene 
p-xylene 
styrene 
nonane  
heptanal 

 80 2-methyl pentane 
2-butanone 

62.5 hexane 
40 a-pinene 

benzaldehyde 
B-pinene 
D-limonene 
2-ethyl-1-hexanol 
methyl ester benzoic acid 
undecane 
nonanal 
4-trimethyl-3cyclohexene-1-methanol 
dodecane 
decanal 
methenamine 
tridecane 
tetradecane 
butylated hydroxytoluene 
pentadecane 
diethyl phthalate 
phenol 
octanal 
hexanal 
acetophenone 
decane 
naphthalene 
3-methyl hexane 
menthol 
indole 

97.5 chloroform 
2-pentanone 
1-methylthio-propane 

 

95 butane 
1-propanol  
2-methyl-furan 

 

92.5 dimethyl ester 

carbonic acid 
3-methyl-thiophene 
cyclohexanone 

 

90 2-methyl hexane  
85 acetaldehyde   

dimethoxy methane  

Source: Van den Velde et al., 2007 
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IV. Lipid Oxidation and Metallic Flavor 

Metal-catalyzed lipid oxidation has been a focus of the food industry for years because 

the odorous end-products can impart off-flavors to foods and beverages.  Another area of interest 

is within the drinking water industry.  Tap water, transported through metal pipes and dispensed 

from metal faucets, is prone to carrying metal ions with it to the consumer’s tap.  Changes in the 

taste and/or odor of tap water are perceived by consumers as different from the norm and often 

feared to be a threat to public safety, which may be detrimental to the consumer’s confidence in 

their local drinking water authority.  Sources of such flavors may be from conditions at the water 

source, actions taken during treatment, or alterations resulting from the nature of transport and 

storage.  Increases in metallic flavor are likely to stem from the latter, especially corrosion of 

pipes (Dietrich, 2006).  USEPA drinking water standards for iron are set at 0.3 mg/L for 

aesthetic reasons.  However, taste thresholds for solutions of the metal have been identified well 

below this standard, which can make for an unpleasant drinking experience at levels well below 

the (voluntary) secondary standard.  Further, incidence of a persistent metallic flavor is 

commonly reported among cancer patients undergoing chemotherapy and radiation treatment 

(Comeau et al., 2001; Hong et al., 2009).  Unfortunately, the perception of the metallic sensation 

is not yet completely understood. 

Senses of taste and smell operate through the detection of chemicals by cells, hence the 

name “chemical senses.”  The term flavor is often used interchangeably with the word taste; 

however, this sensation technically results from the combination of taste perceptions on the 

tongue and odor perceptions.  Odorants may be both inhaled through the nostrils (orthonasally) 

and detected as they pass through the nasopharynx from the mouth (retronasally) (Dietrich, 

2009). “Flavor” of consumed products typically comes from the latter (Shepherd, 2006).   

Significant study has been conducted to determine the extent to which metallic sensations 

are tastes or flavors and at what concentrations metallic salts can be detected.  Compounds 

sensed without the nose occluded but not sensed with the nose occluded likely have a retronasal 

component. Nasal occlusion inhibits retronasal perception of odors, as exhalation through the 

nose is what allows gases to enter the retronasal passage from the oral cavity (Shepherd, 2006).  

Omur-Ozbek and Dietrich (2011) measured detection limits of iron and copper solutions without 

noses occluded. The threshold, based on the geometric mean, ranged from 0.003 to > 5 mg/L 
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Fe
2+

 with a population thresholds of 0.052 mg/L Fe
2+

.  No metallic sensation was reported by 

subjects with occluded noses, however, even at concentrations of 20 mg/L Fe
2+

.  Epke and 

Lawless (2007) likewise found that nasal occlusion increased the flavor threshold of FeSO4 in 

subjects by more than a factor of five (30 µM vs. 160 µM), even though it was ranked as the 

most metallic (compared with copper and zinc salts) when tasted with the nose open (Lawless et 

al., 2004).  The appearance of the metallic flavor upon removal of the nose clips (Omur-Ozbek 

and Dietrich, 2011) substantiates that the reaction producing the odor has occurred and further 

supports the notion that the metallic flavor is perceived primarily retronasally.  At much higher 

concentrations (0.05 M), subjects could identify FeSO4 as different from water, even with nose 

occluded, meaning (at excessively high concentrations) there may be a taste sensation (often 

bitterness) accompanying what is predominantly recognized as a flavor reliant on retronasal 

odors (Lim and Lawless, 2005).  Tests conducted by placing the metal between the gum and the 

lip showed no tactile (mouthfeel) perception of the metal (astringency) (Lim and Lawless, 2005), 

though panelists with noses open reported both bitter tastes and astringent mouthfeel associated 

with ferrous salts (Omur-Ozbek and Dietrich, 2011).  There may be a true chemical reaction-

induced taste associated with FeSO4 at such high concentrations.  At even higher concentrations 

(10 mM), FeSO4 activates TRPV1 taste receptors, which detect, among other things, bitterness 

from capsaicin, the compound that gives hot peppers their “heat” (Riera et al., 2007). 

Though it may not be the only mechanism by which metallic flavors are sensed, the 

retronasal component is strongly supported (Epke and Lawless, 2007; Hettinger et al., 1990; 

Lawless et al., 2004; Omur-Ozbek and Dietrich, 2011).  To ensure that nasal occlusion didn’t 

simply eliminate the possibility of sensing the metallic odor orthonasally, Lawless et al., (2004) 

showed that there was negligible metallic smell when the headspace over FeSO4 solutions was 

“sniffed,” suggesting that odorous compounds are either produced in the mouth through metal-

catalyzed lipid oxidation or that the increased temperature within the mouth further volatilizes 

the odorous compounds, making them detectable retronasally.  Glindemann et al. (2006) 

supported the idea that the metallic odors accompanying ferrous solutions are created by 

reactions with skin cells.  They found that contact between body skin, artificial sweat, and solid 

or ferrous solutions of iron resulted in the production of aldehydes and ketones, including n-

hexanal (grassy odor) and 1-octen-3-one (mushroom odor), the latter of which accounted for 

about a third of the metallic odor emanating from the reaction site.  It was deduced that sweat 
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corrodes solid metal to form ferrous iron, which quickly oxidizes to ferric iron.  In the process, 

skin lipid peroxides, formed from skin lipids, are decomposed to odorous carbonyls.  This is 

supported by an examination of increases in odor, which shows the odorous compounds 

increased predictably to a point at which the lipid peroxides were consumed.  Many recognized 

lipid oxidation products have characteristic odors which could contribute metallic odor and, 

consequently, flavor.  The odor thresholds of such are quite low (Table 4), so very small 

concentrations would be required to induce retronasal odor detection by most individuals.   

Table 4 - Odor Thresholds in Air of Lipid Oxidation Products Detected in this Study 

Compound Odor Descriptor 
Odor Threshold 

in Air (µg/L air) 

1-pentanol plastic 0.153
a
 

2,4-decadienal fried, powerful , fatty, citrus 0.0023
 a
 

2,4-nonadienal nutty, fatty 0.0002
 a
 

2-nonenal grass 0.00009
 a
 

2-octenal fatty, walnuts 0.0027
 a
 

2-pentylfuran buttery, beany, rancid, metallic, vegetable 0.019
 a
 

heptanal soapy 0.023
b
 

hexanal green, fruity, bitter, almond, fatty,  grassy 0.14
c
 

nonanal soapy, citrus, floral, orange, fatty, waxy 0.0134
 b
 

octanal almond, fat, soapy, fruity, citrus 0.0072
 b
 

pentanal fat, green, sharp, bitter, almond, woody, vanilla, fruity 0.022
 b
 

propanal sharp, pungent 0.065
 b
 

a
Yang et al., 2008; 

b
 Hyttinen et al., 2007; 

c
Omur-Ozbek and Dietrich, 2011 

 

Evidence indicates that odorous secondary lipid oxidation products play a role in the 

perception of metallic flavor.  Historically, lipid oxidation has commonly been measured by the 

TBARS (thiobarbituac acid reactive substance) method, which colorimetrically quantifies 

malondialdehyde, an indicator of oxidation, in saliva.  Increased metallic odor and a 

corresponding increase in oral lipid oxidation, as measured by TBARS analysis of saliva, were 
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demonstrated when subjects swished a ferrous iron solution in their mouth and expectorated 

(Mirlohi et al., 2011). 

TBARS analysis takes significant time and effort in the laboratory and production of the 

amount of saliva needed can be difficult for both healthy and unhealthy subjects.  Further, 

TBARS also measures protein oxidation products which may or may not play a role in producing 

metallic flavor.  Because gaseous lipid oxidation products are produced in the oral cavity, breath 

may provide a simpler, more specific assay of the level of lipid oxidation in the mouth.  This 

paper outlines the development of a method for comparing preconcentrator methods (SPME and 

µPCs) as a means of using breath to monitor iron catalyzed lipid oxidation in the oral cavity.   

Methods 

As with any novel approach, this procedure required a significant amount of method 

development.  The methods described below represent the conditions (sample volumes, ferrous 

solution concentrations, loading times, etc.) in place at the completion of the project.  Many of 

these were arrived at based on experiments conducted along the way.  Appendix A includes 

schematics, which outline how such procedural specifics were arrived at, as applicable.   

 Oral Breath Sampling 

Subjects were selected from among volunteer graduate students at Virginia Polytechnic 

Institute and State University and ranged in age from 22-34 years of age.  The procedure was 

approved by the Institutional Review Board, and all subjects submitted signed informed consent 

releases.  Two sample bags were designated for each subject: one control and one metal and 

were reused for the extent of sampling.  Bags were in sealed mason jars between uses to prevent 

contamination from compounds found in ambient air. 

Ferrous iron solution was made by dissolving Fe2(SO4)3  (Fischer Scientific) in Aquafina 

brand bottled water.  Aquafina is similar to distilled water as it is produced by reverse osmosis 

and no minerals are added.  Solutions were created, 50 mL at a time, in plastic 50 mL centrifuge 

tubes.  Solutions were made fresh daily, as the ferrous iron would oxidize to ferric iron.  

Experiments used a concentration of 80 mg/L as iron by adding Aquafina to 10 mg Fe2(SO4) in a 

50 mL centrifuge tube.  
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To reduce its volume, an inert 250 ml Quintron breath collection bag was folded in half, 

width wise, and secured with binder clips along the crease.  The large opening was easily 

accessible for the subject (Figure 1). A plastic valve (provided with the bags), in the closed 

position, was inserted into the smaller opening on the opposite side of the bag (Figure 2).  This 

provided about a 150 ml volume which is roughly equivalent to the volume of the oral cavity. 

                

The subject was provided with the modified bag 

(large blue cap removed), a nose clip, and a small cup 

containing 0.5 mL of 80 mg/L ferrous metallic solution 

(40 µg Fe
2+

) or control (Aquafina water) sample.  Prior to 

sampling, the procedure was explained and illustrated for 

the subject and any questions were answered. Before 

sample collection, the subject was asked to take several 

deep breaths and, when prepared, place the nose clip on 

his nose.  When ready, s/he took the sample into his/her 

mouth, ideally while taking a deep breath, at which point 

he/she began holding his/her breath. Upon taking the 

sample from the cup, s/he was instructed to move it 

around his mouth with his tongue in an attempt to 

maximize its contact with the soft tissues of the oral cavity.   

 The subject was asked to hold his/her breath for one 

minute.  At the conclusion of one minute, with nose clip still in place, the subject was asked to 

Figure 2 - Reduced Volume Sample Bag from Side 

with Valve 
Figure 1 - Reduced Volume Sample Bag  

Figure 3 - µPC Capillary Tubing 

Inserted through Septum in Second 

Valve 
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breathe into the sample bag, through the larger hole, inflating the bag.  The subject was asked to 

attempt to collect only the first portion of the breath, that from the oral cavity, in the bag.  This 

may or may not entirely inflate the modified bag.  The cap was then replaced on the large 

opening of the sample bag.   

 The sample was then drawn from the small valve on the opposite side of the bag.  SPME 

samples were collected first. The tip of the SPME fiber assembly was inserted through a septum 

in the larger end of a second plastic valve (Figure 3). This valve was nested into the valve 

already in place allowed for easier concentration without loss or contamination of sample.  Both 

plastic valves were opened, and the SPME fiber was inserted into the bag, where it was left to 

collect sample for 10 minutes before the sample was analyzed, as described below.   

From the same bag, the sample was then concentrated using a micropreconcentrator 

(µPC).  The capillary tubing from one end of the µPC was threaded through a septum* in the 

larger end of a second plastic valve (Figure 3).  The tip of the capillary tubing was then removed 

with a ceramic cutter to ensure it was not clogged.  This valve was nested into the valve already 

in place and allowed for easier concentration without 

loss or contamination of sample.   

When prepared to concentrate the sample, the 

valve in the bag was opened, and the capillary tubing 

threaded through both valves, so the end of the tubing 

was close to the opening in the bag (Figure 4).  The 

capillary tubing on the other end of the µPC was fed 

through a septum in a tube attached to a vacuum pump. 

The sample was drawn across the µPC, using the 

vacuum pump, until the bag was emptied.  Knowing the 

flow rate of the pump and the amount of time this took 

to load the sample allowed for quantification of the 

volume collected.  Once loaded, the sample was 

analyzed as described below.  

 

 

 

Figure 4 - µPC Capillary Tubing Inserted 

through Nested Valves, in Preparation for 

Sample Extraction from Bag 
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In Vitro Oxidation of Linoleic Acid 

Early in vitro sampling was conducted using modified 

500 mL Erlenmeyer flaks.  A 25 mL scintillation vial with 

screw-on rubber septum cap was annealed to the side of each 

flask (See Figure 5). Later trials were conducted in 60 mL 

amber glass vials with screw-on rubber septum caps.   

 In an attempt to minimize oxidation, linoleic acid was 

stored in its original amber-colored glass container.  Air in the 

container was always displaced with high purity (99.99%) 

liquid nitrogen before storage, and the bottle was stored at 4˚C.  

Three vials were prepared at a time, as follows. Through the 

septum in the cap of the vial were threaded two capillary tubes: 

one connected to a vacuum pump and the other an inert bag 

filled with high purity nitrogen.  A volume of 0.5 mL of 

linoleic acid (Acros Organics) was added to a vial, the cap 

replaced, and the air pumped from it (and simultaneously replaced with high purity nitrogen).  

Vials were stored at 4˚ C until use.   

During sample concentration, vials were placed in a water bath set at 40˚C.  Control 

samples were taken from the headspace above the linoleic acid.  SPME concentration was 

conducted first by placing the SPME fiber into the container’s headspace, through the septum 

cap, for 10 minutes.  The sample was then analyzed as described below.  For µPC loading, two 

pieces of capillary tubing were inserted in the septum opening of the glassware.  One was 

connected to a vacuum pump and the other an inert bag filled with high purity nitrogen, which 

replaced the sample gases in the glassware as they were drawn through the µPC.  The sample 

was drawn across the µPC, for 10 minutes.   

For experimental samples, iron solution was prepared as described above.  After quickly 

uncapping the vial, 1 mL of solution was added to the linoleic acid.  The cap was quickly 

replaced, and the headspace was then concentrated by SPME and µPC, respectively, as described 

above. 

Some samples incorporated an internal standard as a reference.  The standard chosen was 

an EPA 624 Surrogate Standard (Restek), containing fluorobenzene, pentafluorobenzene, and 1-

Figure 5 - Modified Erlenmeyer 

Flasks Used for Some In Vitro 

Sample Collection 
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bromo-2-fluorobenzene.  The standard was diluted from 2000 µg/L to 200 µg/L in methanol and 

stored in 25 mL GC vials with crimp caps, placed in a sealed mason jar at ~0 ˚C .  Before each 

use, the standard was further diluted to 20 ng/L in Nanopure water, over heat.   

The standard was loaded onto each concentrator from the aforementioned modified 

flasks.  A volume of 0.5 mL was added to the flask, and the respective concentrator inserted 

through the flask’s septum.  The standard was then flash-heated with a hair dryer for one minute; 

the concentrator was left in for an additional four minutes to load the standard before the sample 

was analyzed. 

Sample Analysis 

Prior to sample concentration concentrators were conditioned to remove any compounds 

collected between uses.  SPME fibers were conditioned at a temperature of 250°C for 30 

minutes.  Micropreconcentrators were heated to temperature of 200°C with carrier gas flowing 

through them and left to be conditioned for at least ten minutes.   

Samples were analyzed using a gas-chromatography-mass-spectrometry (GC-MS) system 

with a DB- 17 MS 30 m fused-silica capillary column.  SPME samples were desorbed in the GC 

injection port for 3 minutes.  Samples was desorbed from the µPC on a ceramic heater at a 

temperature of 200°C, while carrier gas flowed through the µPC and then onto the column.  The 

GC was programmed as follows: initial temperature of 33°C, held for six minutes, followed by a 

ramp rate of 2°C/min to a final temperature of 175°C, which was held for 2 minutes. The carrier 

gas flow was set to 1.2 mL/min. 

Results 

The MS software associated with the GC-MS (Xcalibur by Thermo Fisher Scientific) 

provided library search reports to aid in preliminary identification of compounds in samples.  

Library search reports contained lists of compounds, matched from the library, based on spectra 

for each identified peak.  Three matches were listed for each peak and ranked by a value 

measuring the level of confidence of the match.   Two confidence values were included for each 

match: the SI value is based on an examination of all spectra in the sample, while the RSI 

calculates the confidence of the match based solely on spectra found within the library; 

excluding unrecognized spectra often provides a higher confidence interval. Any compounds 

listed among the top three matches for each retention time were included.  
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Tentative identification, based on MS library search, revealed hundreds of compounds 

per report.  Through a process of systematic data reduction, reports were reviewed to identify 

lipid oxidation products listed therein.  A list of possible lipid oxidation products used for this 

search was compiled from the multiple tables (and sources cited) in Grosch (1987), a 

comprehensive review of products from hydroperoxide reactions.  Because some lipid oxidation 

product categories in this reference (and the primary sources cited) were ambiguous stating, for 

example, that C3-C6 hydrocarbons were found as lipid oxidation products, branched compounds 

were included in the original data list if they contained the number of carbon atoms specified as 

being present in lipid oxidation products in the literature.  Further, among the data were many 

branched alkanes with a low carbon number.  Though Kneepkins reported in 1994 that 

“hydrocarbons implicated in lipid peroxidation are exclusively alkanes or alkenes with straight 

chains,” individual literature searches were conducted on commonly found branched alkanes to 

determine if they had been identified as lipid oxidation products in any studies.  If no relevant 

papers indicated they had been identified as lipid oxidation products, they were excluded from 

the data.   

Lipid oxidation products made up a relatively small percentage (≤ 20%) of compounds 

listed in these reports.  Other compounds commonly found include aromatics (benzene, toluene, 

ethyl-methyl benzene), aforementioned branched alkanes, and long chain branched and linear 

alkanes (C >10).   Though documented in the literature as being present in the breath (Phillips et 

al., 1999; Van den Velde et al., 2007), they were excluded from this analysis, as it focused solely 

on lipid oxidation products.  From all library search reports reviewed, a total of 33 lipid 

oxidation products were found (Table 5); roughly 40% of these have odors described in the 

literature (Table 6).  The majority of these compounds were identified qualitatively; however, 

hexanal, octanal, and nonanal were quantitatively analyzed by means of standard curves (see 

Figure 16).  In the chromatograms that follow, each compound is labeled using the same number.  

These numbers are listed in Table 5.  Though all compounds were detected at least once during 

this study, not all were present in the chromatograms included in this report; therefore, not every 

compound listed in Table 5 has a “Chromatogram Peak Label Number.” 
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Table 5 - Lipid Oxidation Products Found in this Study and the Numbers Used to Label them in Chromatograms 

throughout this Report 

Compound Reference Chromatogram Peak Label Number 

1-butanol a 

 1-butanol, 2-methyl  b,c 

 1-heptene  d 2 

1-hexanol, 2-ethyl  e 10 

1-pentanol f,g,h 

 2,4-decadienal i 

 2,4-nonadienal, (E,E) j 19 

2-decenal, (E) k 13 

2-heptanol  l 

 2-heptanone, 4-methyl k 

 2-heptenal (E) a,m 16 

2-heptenal (Z) a,g,h,i,m,n,o 23 

2-nonenal  (E)  m 

 2-octenal, (E) i,p 11 

3-heptanone, 4-methyl  k 

 3-heptanone, 6-methyl  k 

 3-nonene  k 5 

butanal, 2-methyl b 7 

cis-4-nonene  k 

 Furan, 2-pentyl   h,k,p,o 18 

Heptanal k,f,g,p 17 

heptane  k 3 

hexanal i 8 

hexane  k,l 1 

nonanal k 20 

nonanoic acid p 

 octanal k,p 9 

octane  k 4 

pentanal i 12 

pentane  a,q 6 

pentane, 2-methyl  k 

 propanal a,f,m 14 
 

a)Horvat et al., 1965; b)Giri et al., 2011; c)Vasta et al., 2010; d)Jo and Ahn, 2000; e)Larick et al., 1992; 

f)Loury and Forney, 1968 a,b; g)Eriksson, 1970; h)Eriksson et al., 1973; i)Badings, 1970; j)Meynier et al., 

1998; k)Selke et al., 1977; l)Loury et al., 1972; m)Ellis et al., 1968; n)Hoffman, 1962; o)Tressl et al., 1981; 

p)Horvat et al., 1969; q)Horvat et al., 1964 
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Table 6 - Odors of Lipid Oxidation Products Found in this Study 

Compound Odor 

1-pentanol plastic
7
  

2,4-decadienal citrus
2
, fatty

2
, fried

1
, powerful

2
  

2,4-nonadienal, (E,E) nutty
7
, fatty

7
  

2-heptanol  earthy
2
, oily

2
 

2-heptenal (Z) almond
4
, bitter

4
, fatty

1
, green

2
, putty

1
 

2-nonenal  (E)  grass
3
 

2-octenal, (E) fatty
1
,walnuts

1
 

Furan, 2-pentyl   beany
5
,buttery

5
, green bean

2
, metallic

2
, rancid

5
, vegetable

2
 

Heptanal soapy
3
 

hexanal almond
6
, bitter

6
, fatty

2
, fruity

6
, grassy

2
, green

2,6
 

nonanal citrus
2,3

, fatty
2
, floral

2
, orange

2
, rose

2
, soapy

3
, tallowy

1
, waxy

2
 

nonanoic acid cheese
2
, waxy

2
 

octanal almond
3
, citrus

2
, fat

2,3
, fruity

6
, soapy

6
 

pentanal almond
6
, bitter

6
, fat

3
, fruity

2
, green

3
, sharp

4
, vanilla

2
, woody

2
  

propanal pungent
2
, sharp

2
  

1
 Badings, 1970; 

2
Sigma Aldrich; 

3
Malia et al., 2009; 

4
Meijboom and Jogenotter, 1981; 

5
Evans et al. 1971; 

6
Schnabel, 1982; 

7
Yang et al., 2008. 

The goal of this study was to identify products resulting from metal-catalyzed lipid 

oxidation in the mouth.  However, some lipid oxidation products are found in ambient air and 

there may be some level of background oxidation in subjects.  Therefore, it was important to 

consider the differences between samples taken “Before” (control) and “After” metal dosage.  

Tables 5-9 quantitatively summarize these data.  Each table lists the number of compounds in 

samples collected “Before” the addition of Fe
2+

, “After” Fe
2+

 addition, and the number of 

compounds found only  After” Fe
2+

 addition, not “Before.”  Because, often, compounds found 

“Before” were not always found After” Fe
2+

 addition, the value in the third column may not 

equal the difference between the other two.  No matter the method of preconcentration or the 

source of the sample (breath or in vitro), most control samples contained at least a few lipid 

oxidation products. In most cases, though, there were more lipid oxidation products and at least 

one unique product measured after the addition of metal to the sample. 

Table 7 shows a composite of all breath data combined.  It highlights the superiority of 

µPCs over SPME in concentrating lipid oxidation products in breath samples.  From the latter, 

only two lipid oxidation compounds were found in all breath trials.  This performance disparity 

is easily seen in Figure 6, where the SPME chromatogram has only a few peaks, which are 

actually standards intentionally added to the sample.  The DVB and Tenax µPCs appeared to 
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have roughly the same success at concentrating lipid oxidation products, though, as will be 

discussed below, they tend to concentrate different compounds. 

Table 7 - Total Lipid Oxidation (LO) Products in all Subjects' Breath (Before and After Fe2+ Metal Exposure), Arranged 

by Method of Sample Preconcentration 

Method Matrix 
# LO products 

BEFORE 

# LO products 

AFTER 

# unique LO 

products AFTER 

DVB packed µPC Breath 9 11 4 

Tenax etched µPC Breath 8 12 6 

Tenax SPME Breath 0 1 1 

PDMS-DVB SPME Breath 0 2 2 

 

 

 

Figure 6 – Chromatograms of a Single “After Fe2+” Breath Sample Concentrated by a PDMS-DVB SPME and a Packed 

DVB µPC 

Lipid Oxidation Products (Retention time):  µPC: 1hexane (5.06); 2 1-heptene (6.84);  3 heptane (7.36);  4 octane (9.40);        
5 3-nonene (13.66).  SPME: none. 

 

Table 8 summarizes composite data by subject.  It should be noted that not all subjects 

provided the same number of samples, which could skew these data.  This may explain why 

more lipid oxidation products were found in some individuals than others. 
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Table 8 - Total Lipid Oxidation (LO) Products in Different Subjects' Breath (Before and After Metal Exposure), 

Arranged by Subject and Preconcentration Method 

Method Subject 
# LO products 

BEFORE 

# LO products 

AFTER 

# unique LO 

products AFTER 

DVB packed µPC A 9 12 5 

DVB packed µPC H 3 2 0 

DVB packed µPC J 4 6 2 

Tenax etched µPC B 6 4 1 

Tenax etched µPC H 4 10 6 

Tenax etched µPC J 6 4 1 

 

Table 9 examines six individual breath samples, three each taken from two subjects.  

Roughly the same numbers of lipid oxidation products are found in each subject over the course 

of several samplings.  An examination of specific compounds (below) is necessary to determine 

the true intra-individual reproducibility of the procedure. 

 

Table 9 - Lipid Oxidation (LO) Products in Two Subjects’ Breath (Before and After Metal Exposure) Over Three 

Separate Sampling Periods, Arranged by Sample 

Method Subject 
# LO products 

BEFORE 

# LO products 

AFTER 

# unique LO 

products AFTER 

DVB packed µPC A 4 5 3 

DVB packed µPC A 4 3 2 

DVB packed µPC A 2 4 2 

Tenax etched µPC H 1 4 4 

Tenax etched µPC H 3 4 1 

Tenax etched µPC H 2 2 2 

 

In vitro studies of lipid oxidation are summarized in Table 10.  These studies were 

conducted in an attempt to control challenges with breath sampling, including the complex 

matrix of breath, collection, background oxidation, and inter-subject variation. It should be noted 
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that different numbers of samples were taken using each method, which could skew these data.  

SPME was more successful in in vitro than breath samples; however, the DVB µPC still 

outperformed SPME (Figure 7).  Overall, there were more unique lipid oxidation products 

identified in in vitro studies than in breath studies.  Despite extensive efforts to eliminate or 

control background oxidation in in vitro studies, it is apparent that there was still some level of 

oxidation before the addition of metal. 

 

Table 10 - Lipid Oxidation (LO) Products from Linoleic Acid In Vitro Studies (Before and After Metal Exposure), 

Arranged by Preconcentration Method 

Method 
# LO products 

BEFORE 

# LO products 

AFTER 

# unique LO 

products AFTER 

DVB packed µPC 7 16 11 

Tenax packed µPC N/A (leak) 5 5 

Tenax etched µPC  2 4 3 

PDMS-DVB SPME 5 10 6 
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Figure 7 - Chromatogram Overlay of One “After Fe2+” Linoleic Acid In vitro Sample Concentrated by a PDMS-DVB 

SPME and a Packed DVB µPC 

Lipid Oxidation Products (Retention time):  µPC: 6pentane (10.23); 4 octane (15.21);  7 2-methyl butanal (16.14);                 
8 hexanal (18.92); 9octanal (28.14).  SPME: 10 2-ethyl-1-hexanal (16.48); 11 2-octenal (E) (26.54) 

 

To further ascertain data reproducibility and value, lipid oxidation data were organized 

based on sampling method (human breath or in vitro), concentrating mechanism (SPME, packed 

µPC, or etched µPC), and adsorbent (Tenax TA or PDMS) (Table 11).  Human breath data were 

further broken down by subject to examine intra- and inter-subject variation (Tables 12 and 13).  

An “X” in a cell indicates that the compound was found, at least once, in the specific type of trial 

listed above.  Highlighted “X’s” represent compounds found in the “After” but not “Before” 

trials for that specific set of conditions.  Raw data can be found in Appendices B and C. 

Table 11 provides an overview of all in vitro (flask) and breath data collected for all trials 

and subjects.  Of the 33 compounds listed in Table 5, 26 were found, at least once, exclusively 

“After” metal exposure; 13 of these were only found in “After” samples for all data collected.  

Several of these, however, were isolated findings, meaning they may not be reproducible across 

subjects and/or methods. 
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Table 11 – Composite Data of Lipid Oxidation Products Found by Different Sampling and Preconcentration Methods; 

highlighted cell indicates compound unique to after metal sample 

 

Because this project aims to identify compounds responsible for metallic flavor and in 

vitro modeling may only mimic a portion of what occurs in the oral cavity, breath studies are 

particularly important.  The first round of breath tests involved three different subjects (B, H, J) 

and used etched Tenax µPCs for preconcentration.  Comparison tests revealed that DVB may be 

a more appropriate adsorbent for concentrating lipid oxidation products, as it produced more 

peaks of interest than either etched or packed Tenax µPCs (see Figure 8).  Consequently, a 

second round of breath tests was conducted incorporating DVB-packed µPCs to study the breath 

Before After Before After Before After Before After Before After Before After Before After Before After

1-butanol X

1-butanol, 2-methyl X X X X

1-heptene X X

1-hexanol, 2-ethyl X X X X X X X X

1-pentanol X X X

2,4-decadienal X X X

2,4-nonadienal, (E,E) X X

2-decenal, (E) X X X X X

2-heptanol X

2-heptanone, 4-methyl X X

2-heptenal (E) X X

2-heptenal (Z) X X X

2-nonenal  (E) X

2-octenal, (E) X X

3-heptanone, 4-methyl X

3-heptanone, 6-methyl X

3-nonene X

4-heptanal (E) X

butanal, 2-methyl X X

cis-4-nonene X

Furan, 2-pentyl  X X X

Heptanal X

heptane X X X X X X

hexanal X X X X X X X X

hexane X X X

nonanal X X

nonanoic acid X

octanal X X X X X X

octane X X X X X X X X

pentanal X X

pentane x X X

pentane, 2-methyl X X X

propanal X

SPME

Linoleic Acid

Etched

Breath

Tenax  µPC

PDMSTenax

Breath Breath Linoleic AcidLinoleic Acid

DVB µPC

Packed

Linoleic Acid
Compound

Packed

Breath
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of three subjects (A,H,J). As previously mentioned, each subject was tested a different number of 

times.  As described in the method, SPME preconcentration was typically conducted on all 

samples, along with µPC concentration; however, because they offered little contribution to 

breath data, SPME concentrated samples are not further examined beyond Table 11.   

Figure 8 - Comparison of Packed Tenax, Etched Tenax, and Packed DVB µPCs, Concentrating “After Fe2+” Linoleic 

Acid In vitro Samples 

Lipid Oxidation Products (Retention time): Packed Tenax µPC: 6pentane (9.39); 12 pentanal (14.16);  13 2-decenal (E) 

(17.15); 8 hexanal (19.35).  Etched Tenax µPC:  8 hexanal (18.50); 9 octanal (19.14).  Packed DVB µPC: 10 2-ethyl hexanal 

(7.48*); 1 hexane (8.06); 14 propanal (8.33);  3 heptane (9.20); 4 octane (11.15) ; 8 hexanal (15.12);  9 octanal (15.66). 

 

In breath studies (Table 12), 14 different compounds were found (at least once) in the 

“After,” but not “Before,” samples for a given subject.  Seven of these compounds were 

exclusively found in “After” samples for all breath data, but most were only found in one 

subject.  Several compounds, including heptane, hexanal, octanal, and 2-methyl pentane were 

common in “Before” and “After” samples for most subjects.  Overall, there is little consistency 

in data among different subjects.  
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Table 12 - Composite Breath Data of Lipid Oxidation Products Found, Organized by Preconcentration Method and 

Subject; highlighted cell indicates compound unique to after metal sample 

 

Figures 9 and 10 show comparisons of two subjects’ breath, concentrated and collected in 

the same manner, both before (Figure 9) and after (Figure 10) the addition of metal.  Though the 

chromatograms appear similar, subject A had more different lipid oxidation products in both 

Before After Before After Before After Before After Before After Before After

1-butanol X

1-butanol, 2-methyl X X X X X

1-heptene X X

1-hexanol, 2-ethyl X X X X X

1-pentanol X

2,4-decadienal

2,4-nonadienal, (E,E)

2-decenal, (E) X

2-heptanol X

2-heptanone, 4-methyl X X

2-heptenal (E) 

2-heptenal (Z) X X

2-nonenal  (E) 

2-octenal, (E)

3-heptanone, 4-methyl X X X X

3-heptanone, 6-methyl X

3-nonene X

4-heptanal (E) X

butanal, 2-methyl

cis-4-nonene X

Furan, 2-pentyl  

Heptanal

heptane X X X X X X X X X X X

hexanal X X X X X X

hexane X X X X X

nonanal X X X

nonanoic acid

octanal X X X X X

octane X X X X X

pentanal

pentane 

pentane, 2-methyl X X X X X X X

propanal

Subject JSubject H

Packed DVB µPC

Compound

Etched Tenax  µPC

Subject A Subject J Subject B Subject H
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samples (note difference in scales).  This may have been due to the fact that breath samples from 

subject J had a lower volume and sat longer between collection and analysis.   

 

Figure 9 - Comparison of "Before" Breath from Subject A (top) and Subject J (bottom) Concentrated Using a Packed 

DVB µPC [Note difference in y-axis scale] 

Lipid Oxidation Products (Retention time): Subject A: 21-heptene (6.80); 4 octane (7.11).  Subject J:   3 heptane (5.87) 
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Figure 10 - Comparison of "After Fe2+" Breath from Subject A (top) and Subject J (Bottom) Concentrated Using a 

Packed DVB µPC [Note difference in y-axis scale] 

Lipid Oxidation Products (Retention time):  Subject A: 1hexane (5.06); 2 1-heptene (6.84*);  3 heptane (7.36*);  4 octane 

(9.40); 5 3-nonene (13.66).  Subject J: 3 heptane (6.12); 4 octane (6.95). 

*indicates was not ranked as a top match (by either the SI or RSI) but was among the top three possibilities in the library 

search report. 

 

Though differences among individuals were expected, there should be less variation from 

sample to sample for a single subject, as the researchers expected each subject to have a 

characteristic breath background profile. Table 13 summarizes data from two subjects, providing 

3 samples each, to allow for examination of intra-subject variation.  A few lipid oxidation 

products are common across both “Before” and “After” samples (subject A: heptane, hexane, 

octane; subject H: hexanal, octanal, nonanal).  This indicates that Tenax may preferentially 

adsorb alkanals, while DVB effectively traps alkanes in breath.  There are no other apparent 

trends in the data.  At this time, the method does not appear to be exceptionally reproducible for 

lipid oxidation products within an individual. 
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Table 13 - Lipid Oxidation Products Found in Two Different Subjects during Three Separate Breath Sampling Events; 

highlighted cell indicates compound unique to after metal sample 

 

Figures 11 and 12 show the day-to-day variability as chromatogram overlays.  Some 

superficial differences may be attributable to shifts in retention times; however, as indicated in 

Before After Before After Before After Before After Before After Before After

1-butanol X

1-butanol, 2-methyl X X

1-heptene X X

1-hexanol, 2-ethyl X X X X

1-pentanol

2,4-decadienal

2,4-nonadienal, (E,E)

2-decenal, (E)

2-heptanol X

2-heptanone, 4-methyl

2-heptenal (E) 

2-heptenal (Z)

2-nonenal (E) 

2-octenal, (E)

3-heptanone, 4-methyl 

3-heptanone, 6-methyl 

3-nonene X

4-heptanal (E)

butanal, 2-methyl

cis-4-nonene X

Furan, 2-pentyl  

Heptanal

heptane X X X X X X X

hexanal X X X X

hexane X X X X X

nonanal X X X

nonanoic acid

octanal X X X

octane X X X X

pentanal

pentane 

pentane, 2-methyl 

propanal

DVB µPC Tenax µPC

Sample 1 Sample 2 Sample 3 Sample 1 Sample 2 Sample 3

Subject A Subject H
Compound
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Table 13, the lipid oxidation products found in a single subject vary from sample to sample.  

Comparing Figures 11 and 12, also indicates that the Tenax µPC (Figure 12) produces 

chromatograms with many more peaks than the DVB µPC (Figure 11).  This may be due to a 

procedural difference, wherein samples shown in Figure 12 were of greater volumes than those 

shown in Figure 11 and, therefore, have a greater chance of being contaminated with air from 

areas other than the oral cavity.  Further, as Table 14 indicates, the greater number of peaks in 

the Tenax µPC – concentrated samples did not necessarily translate to the collection of more 

lipid oxidation products of interest.  

Figure 11 - Chromatogram Overlays ("Before" and "After Fe2+") of Three Different Trials from Subject A, Breath 

Samples Concentrated with a Packed DVB µPC - See Table 13 for Lipid Oxidation Products 

 

Before 

After 

Before 

After 
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Figure 12 - Chromatogram Overlays ("Before" and "After Fe2+") from Subject H, Breath Samples Concentrated with an 

Etched Tenax µPC [Note difference of x-axis scale in top chromatogram] - See Table 13 for Lipid Oxidation Products 

 

As breath variation was expected, in vitro data were further examined to evaluate the 

reproducibility of the method.  In vitro data are displayed on a sample by sample basis in Table 

14; each column contains the results from a single sample collection.  Eight compounds were 

found in “After” samples only for all trials.  Several of these were found only in a single sample, 

but octanal was found in six and 1-pentanol and pentanal were found in three (of 13 total “After” 

samples). Hexanal, pentane, octane, and hexane commonly appeared in both “Before” and 

“After” samples.  This is fitting, as alkanes, being nonpolar, are easier to detect using GC than 

polar compounds.  It seems that the lipid oxidation products collected varied, according to 

adsorbent choice (as with breath), but this difference does not appear to be clearly generalizable 

by compound class (for example, alkanals vs. alkanones) or size. No other trends are apparent in 

the data.  

Before 

After 



32 
 

Table 14 - Lipid Oxidation Products Found in Individual Linoleic Acid  In vitro Sampling Events, Organized by 

Preconcentration Method; highlighted cell indicates compound unique to after metal sample 

 

 

Though great efforts were made to minimize background oxidation and standardize 

collection/concentration procedures, chromatograms indicate that these were persistent issues 

with in vitro samples.  Figure 13 shows that a “Before” sample can have as many lipid oxidation 

products as an “After” sample.  Though these samples were not taken from the same flask (such 

a pair of in vitro data were unavailable), the data show that it was not uncommon to find lipid 

oxidation products in “Before” samples that may or may not be in “After” samples.  This 

indicates that oxidation is occurring before metal is added. 

Te
n

ax

1-butanol

1-butanol, 2-methyl X

1-heptene 

1-hexanol, 2-ethyl X X X X X X X X

1-pentanol X X X

2,4-decadienal X X X 

2,4-nonadienal, (E,E) X X

2-decenal, (E) X X X X

2-heptanol 

2-heptanone, 4-methyl

2-heptenal (E) X X

2-heptenal (Z) X X

2-nonenal  (E) X

2-octenal, (E) X X X

3-heptanone, 4-methyl 

3-heptanone, 6-methyl 

3-nonene 

4-heptanal (E)

butanal, 2-methyl X

cis-4-nonene 

Furan, 2-pentyl  X X X X X

Heptanal X

heptane X X X X X X X

hexanal X X X X X X X X X X X X X X X X X X X

hexane X X X X X X

nonanal

nonanoic acid

octanal X X X X X X

octane X X X X X X X X X X X X X X

pentanal X X X

pentane X X X X X X X X X X X X X

pentane, 2-methyl 

propanal X

Etched 

Tenax 

µPC

Packed 

Tenax 

µPC

After (metal)

Flasks (In vitro)

SPME

PDMS-DVB

Before (Control)

DVB Packed µPCDVB Packed µPC

Etched 

Tenax 

µPC

PDMS-

DVB 

SPME

Compound
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Figure 13 - "Before" and "After the addition of Fe2+" Samples from In Vitro Studies of Linoleic Acid (from Different 

Trials), Concentrated with Same Packed DVB µPC 

Lipid Oxidation Products : 6pentane; 1hexane;  3 heptane; 4 octane; 8hexanal; 162-heptenal (E). 

   

Each of the chromatograms in Figure 14 represents a single “After” run; all were 

completed using the same µPC and procedure.  The top two were completed on the same day, 

while the bottom two were completed the next day.  Despite controlling for all of these possible 

sources of variation in the procedure, these chromatograms are still quite different from one 

another; this further draws into question the reproducibility of the procedure and/or µPC. 

Inconsistent results may be due to procedural flaws, leaks in µPCs, changes in flow through 

packed µPC with each use, or the fact that compound concentrations are at or below the 

detection limit in many cases, especially in breath.   

Before 

After 
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Figure 14 - Variation in Four "After Fe2+" Linoleic Acid In Vitro Samples, Concentrated Using the Same Packed DVB 

µPC 

Lipid Oxidation Products : 6pentane; 1hexane;  3 heptane; 4 octane; 12pentanal; 72-methyl butanal;  8 hexanal; 17 heptanal; 
102-ethyl-1-hexanol; 182-pentyl furan;  19 2,4-nonadienal (E,E); 23 2-heptenal (Z); 9octanal. 

 

One issue possibly affecting data is the presence of thousands of compounds, including 

lipid oxidation products, in ambient air.  Such compounds may be introduced into glassware or 

sampling bags during the process of sampling or may simply be present in the subject’s breath 

because they are being regularly inspired. Air from three locations (the lab in which this work 

was completed, an indoor room outside of the lab, and the outdoors) was sampled by drawing it 

directly across a Tenax µPC, using a vacuum pump.  The analysis results depicted in Figure 15 

show the presence of numerous compounds (many peaks), including several lipid oxidation 

products.  A similar test with a DVB µPC would likely reveal other lipid oxidation products in 

the ambient air.   
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Figure 15 - Ambient Air from a Conference Room, Lab, and the Outdoors Concentrated Using an Etched Tenax µPC 

Lipid Oxidation Products: 9octanal;  20nonanal; 21 decanal*; 22undecanal* 

*Lipid oxidation products present in ambient air, which were not present in other samples analyzed in this study. 

 

As with other breath studies, this one highlights the need to differentiate between 

endogenous and exogenous compounds, as well as between those present in “Before” breath and 

those that appear, or whose concentration is increased, in “After” breath.  This would require 

quantification of lipid oxidation products present, using a constructed standard curve, the 

chromatogram peak area, and the volume of the sample loaded.  For this project, standard curves 

were produced on the GC, using direct injection of hexanal, nonanal, and octanal standards.  The 

standard curve and the data used to produce it are shown in Figure 16.     
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Peak Area 

Standards (mg/L) Standards (pg/µL*) Hexanal Octanal Nonanal 

0.025 25 1.73E+06 6.00E+06 8.27E+06 

0.05 50 3.31E+06 1.20E+07 1.44E+07 

0.1 100 5.36E+06 2.43E+07 3.28E+07 
*Standard curves were produced from 1µL injections of standard compounds 

Figure 16 - Standard Curves for Hexanal, Octanal, and Nonanal, and the Values used to Produce Them 

 

Though these aldehydes are not present in every sample, the standard curves were used to 

estimate their concentrations in several, as shown in Table 15.  This is not intended to be a 

thorough review of the differences between ambient, “Before,” and “After” concentrations 

(though that is recommended for further study in this area) but instead to provide a general idea 

of the concentrations of compounds observed in these tests.  Concentrations of hexanal, nonanal, 

and octanal in these samples were in the nanogram per liter (ng/L) range.  Concentrations in 

breath, in vitro samples, and ambient air are similar, typically within the same order of 

magnitude.   
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Table 15 - Peak Areas and Calculated Concentrations of C6, C8, and C9 Aldehydes in Select Samples 

  

  Hexanal Nonanal Octanal 

Volume 

(mL) 

Peak 

Area 

Concentration 

(ng/L) 

Peak 

Area 

Concentration 

(ng/L) 

Peak 

Area 

Concentration 

(ng/L) 

"Before" breath 

(Subject B) 60 N/A N/A N/A N/A N/A N/A 

"After" breath 

(Subject B) 60 1.99E+06 0.428 N/A N/A N/A N/A 

"Before" breath 

(Subject H) 90 1.76E+07 3.754 1.40E+07 0.630 3.01E+06 0.137 

"After" breath 

(Subject H) 60 2.34E+07 7.565 1.70E+07 1.145 8.07E+06 0.459 

"Before" breath 

(Subject H) 60 N/A N/A N/A N/A N/A N/A 

"After" breath 

(Subject H) 60 1.67E+07 5.332 N/A N/A N/A N/A 

"Before" breath 

(Subject H) 60 N/A N/A N/A N/A N/A N/A 

"After" breath 

(Subject H) 60 6.29E+06 1.862 1.74E+07 1.172 6.24E+06 0.367 

"Before" breath 

(Subject H) 60 N/A N/A N/A N/A N/A N/A 

"After" breath 

(Subject H) 60 3.06E+07 9.965 4.14E+07 2.772 1.85E+07 0.980 

"Before" breath 

(Subject H) 60 N/A N/A N/A N/A N/A N/A 

"After" breath 

(Subject H) 60 7.36E+06 2.218 1.49E+07 1.005 8.16E+06 0.463 

"Before" breath 

(Subject H) 60 N/A N/A N/A N/A N/A N/A 

"After" breath 

(Subject H) 60 3.94E+06 1.078 2.16E+07 1.452 8.37E+06 0.474 

"Before" In-

vitro 60 8.34E+07 27.565 N/A N/A N/A N/A 

"After" In-vitro 60 4.89E+07 16.065 N/A N/A N/A N/A 

Ambient Air - 

Conference 

Room 180 N/A N/A 3.35E+07 0.748 4.47E+06 0.093 

Ambient Air - 

Lab 180 N/A N/A 1.88E+07 0.422 3.69E+06 0.080 

Ambient Air - 

Outdoor 180 N/A N/A 3.11E+07 0.695 6.28E+06 0.123 
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Table 16 relates the concentrations of the select alkanals in two breath samples to the 

odor thresholds for those compounds.  While odor thresholds in existing literature are determined 

based on orthonasal (“sniff’) intake of odors, concentrations in breath sampled in this study 

would have been detected retronasally.  Retronasal odor detection may have different threshold 

values; however, such detection limits are not available in the literature.   

 

Table 16 - Odor Thresholds of Select Lipid Oxidation Products and the Concentrations at which they were Detected in 

Breath 

 

“Before” 

Breath 

Retronasal 

Concentration 

(µg/L) 

µg in “Before” 

Breath of Oral 

Cavity* 

“After Fe
2+

” 

Breath 

Retronasal 

Concentration 

(µg/L) 

µg in “After” 

Breath of Oral 

Cavity* 

Orthonasal 

Odor 

Threshold in 

Air (µg/Lair) 

Hexanal 0.003754 0.0005631 0.007565 0.00113475 0.14 

Nonanal 0.000630 

 

9.45E-5 

 
0.001145 0.00017175 0.0134 

Octanal 0.000137 2.055E-5 0.000459 6.885E-5 0.0072 

*Based on an average oral cavity volume of 150mL 

Discussion 

The µPCs were shown to be superior to SPME when concentrating lipid oxidation 

products, both from breath and in vitro samples.  Actively drawing samples across the µPC 

increased contact between the adsorbent and the sample. Further, the design of the µPC 

optimized adsorbent surface area and gas flow to further enhance adsorption.  SPME fibers were 

used, as designed, to passively load samples.  Especially when samples were not heated (as was 

the case with breath samples), SPME failed to adsorb detectable amounts of the low-

concentration analytes.  This may be why many breath studies involving SPME incorporate on-

fiber derivitization to achieve the necessary detection limits in the nanomolar range (Poli et al., 

2010; Svensson et al., 2007; Fuchs et al., 2009).   

More standard curves are needed to verify the concentrations of lipid oxidation products 

and detection limits for methods used in this project.  However, concentrations of C6, C8, and 

C9 alkanals appear be present in the ng/L range.  This does not exceed the odor thresholds for 

these compounds (fractions of a µg/L, as seen in Table 16).  Subjects reported metallic flavor 
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upon removal of the nose clips, suggesting that lipid oxidation products were present in 

detectable concentrations; however, subjects in this study were detecting odors retronasally.  

Little study has been completed in the area of retronasal odor thresholds, so they may differ from 

the orthonasal thresholds reported in the literature (as shown in Table 16).   This discrepancy 

may also be related to the small volume of breath sampled in this study and the relatively small 

volume of the oral cavity (150mL, as compared to 750ml, the volume of a full breath.   

Other studies measuring lipid oxidation products in breath have found aldehydes and 

alkanes in lower concentrations, typically in the low nanomolar to picomolar range (Fuchs et al., 

2009; Kanoh et al., 2005; Larsted et al., 2002; Van den Velde et al., 2007b).  Methods to produce 

these results, which include sorbent trapping with (Larsted et al., 2002; Van den Velde et al., 

2007b) and without cryofocusing (Kanoh et al., 2005) and on-fiber SPME derivitization (Fuchs 

et al., 2009), have picomolar range detection limits.  Though the concentrations of compounds in 

this study seem relatively high, these alkanals do tend to have relatively sizable peaks in 

chromatograms when compared with other lipid oxidation products’ peaks.  Therefore, other 

compounds may be found in lower concentrations.  The developers of the µPC, similar to the 

etched Tenax version used in this study, illustrated its ability to concentrate a complex alkane 

standard of 1ppb (~1ng/L) concentration (Alfeeli and Agah, 2011).  Clearly, more standards 

must be run to quantify the concentrations of other lipid oxidation products in samples and 

determine the limits of detection for this method. 

Most breath studies, including those mentioned above, analyzed alveolar or mixed air, 

which prevents a direct comparison with this study. Such studies collect much larger volumes of 

air from several consecutive breaths (Aghdassi et al., 2000; Kanoh et al., 2005; Qin et al., 2006), 

thereby increasing the opportunity to adsorb and detect very low concentration analytes.  Studies 

on oral breath are rare and those analyzing lipid oxidation products are nearly nonexistent.  Van 

den Velde et al. (2007b) examined oral breath for malodor, and they measured propanal, a lipid 

oxidation product.  However, it is difficult even to compare this study because the pervasiveness 

of the compounds responsible for malodor allowed those investigators to draw three consecutive 

samples of oral breath, again, providing a much larger volume of sample to work with (compared 

to this study) and increasing the chance of finding low concentration analytes therein.   
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The low volumes (<60 mL) of samples in this study are just one factor that can make it 

difficult to achieve consistent results.  As mentioned, µPCs surpassed SPME for concentrating 

samples, but the former was still not notably reproducible across breath or in vitro sampling 

events.  Loading this relatively small sample volume through the µPC may not allow adequate 

adsorption of analyte concentrations consistently detectable by the GC-MS.  Interference from 

other endogenous and exogenous compounds may also mask or overpower these low 

concentration analytes.  For some compounds, ambient air concentrations may be the same or 

greater than endogenous concentrations (Larsted et al., 2006; Kneepkins et al., 1994; Qin et al., 

2006).  Many breath studies “flush” subjects’ lungs with hydrocarbon free air to help eliminate 

such contamination (Agdhassi et al., 2000; Kanoh et al., 2005).  Flushing the oral cavity may be 

an option for future studies of metallic flavor VOC production in the mouth, especially because 

oral air tends to have even more compounds than alveolar air (Van den Velde et al., 2007). This 

may also help to reduce the presence of lipid oxidation products in “Before” samples or allow for 

a better quantification of background oxidation levels with which to compare “After” samples. 

Quantification of analyte concentrations, using standard curves, will enhance researchers’ ability 

to compare changes between “Before” and “After” samples, even when there is some level of 

background oxidation, as was noted in this study.  Ambient air concentrations could then also be 

subtracted from sample concentrations of relevant analytes, allowing researchers to determine if 

compounds are endogenous or exogenous based on a calculated gradient (Van den Velde et al,. 

2007; Phillips et al., 1999) 

Inconsistent results may also stem from a lack of knowledge about how the lipid 

oxidation reaction occurs in the mouth.  In this study, subjects were asked to hold their breath for 

up to one minute before providing a sample, under the assumption that this would provide time 

for the products of interest to accumulate in a greater concentration.  However, because 

temperature of the mouth is quite high and lipid oxidation products are volatile, this may be 

counterproductive.  Omur-Ozbek and Dietrich (2011) reported that detection of metallic flavor of 

ferrous iron was instantaneous, meaning lipid oxidation products responsible for this flavor were 

present immediately after the addition of metal.  Copper flavor, they reported, took about 10-15 

seconds to develop; a flavor that Hong et al. (2010) found to peak at 20-40 seconds.  If iron 

flavor develops more quickly than copper, perhaps a quicker collection of oral breath, even 

directly following metal addition, is more appropriate.  It should be noted, however, that in vitro 
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samples were drawn quickly after the addition of metal and did not show much more 

reproducibility than breath samples.   

One other factor that may be considered for the improvement of consistency among 

samples is that of µPC design.  The two adsorbents used in this study, Tenax TA and DVB, 

adsorbed different lipid oxidation products.  Therefore, a hybrid µPC, containing both 

adsorbents, may be more efficient at capturing a variety of products.  It is not uncommon for 

breath studies examining oxidative stress to incorporate multiple adsorbents in the 

preconcentration step (Larsted et al., 2002; Van den Velde et al., 2007b). Also, though some 

µPCs in this study were sealed, using epoxy, it appears that annealing the Pyrex and silicon 

wafers is crucial for avoiding leaks and ensuring robustness over repeated uses.  If lipid 

oxidation products of interest exhibit a large enough difference in boiling points, future studies 

may also explore the application of staged trapping, which has proven effective in reducing 

sample humidity and honing in on compounds of interest, while removing other, unnecessary, 

background compounds (Cho et al., 2005; Alfeeli et al., 2009; Tian et al., 2005) 

Conclusion 

In this study, thirty three different lipid oxidation products were found in breath and/or in 

vitro samples concentrated on µPCs and/or SPME fibers prior to GC-MS analysis.  Many of 

these compounds have known odors which could contribute to the retronasal sensation that 

induces metallic flavor upon drinking water containing the ferrous ion. It is estimated that these 

compounds are present in ng/L amounts in breath, which is below their sensory thresholds.  In 

many cases, the number of odorous compounds increased after samples were treated with iron, 

supporting that they are likely contributors to metallic flavor.  Further quantification of 

compounds present and refinement of methods should be explored to enhance the reproducibility 

of this procedure in consistently detecting lipid oxidation products.   
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Appendix A: Method Development Schematics 

These diagrams illustrate the process of method development for several aspects of the procedure.  The conditions listed in the white arrows on 

the left show the progression of variables from early in testing (uppermost arrow) to the final condition set for the variable (bottom arrow).  

Information in the gray boxes to the right explains why a condition was changed or found to be satisfactory.   

  

Concentration of ferrous solution given to subjects for breath tests 
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Volume of water and ferrous solution given to subjects for breath 

tests 

 

 

Time spent “gargling” with breath held before sample collection 

for breath tests 
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Appendix B: Lipid Oxidation Raw Data - Combined 

 

 
In Vitro Samples (µPC)

1
 

Tenax Etched µPC – 

Breath Samples
2
 

DVB µPC – Breath Samples
3
 SPME

4
 

Before 

(control) 

1-hexanol, 2-ethyl (DVB) 

2-heptenal, (E)- (DVB) 

2-octenal, (E)- (Tenax etched) 

heptane (DVB) 

hexanal (DVB; Tenax etched) 

hexane (DVB) 

octane (DVB) 

pentane (DVB) 

1-hexanol, 2-ethyl (B,J) 

2-heptenal (Z)- (J) 

heptane (B,H,J) 

hexanal (B,H,J) 

nonanal (B,H) 

octanal (B,H,J) 

octane (J) 

pentane, 2-methyl (B) 

1-butanol, 2-methyl- (A,J) 

1-heptene (A) 

1-hexanol, 2-ethyl (A) 

2-heptanol (A) 

3-heptanone, 4-methyl (A,H) 

heptane (A,H,J) 

hexane (A,J) 

octane (A) 

pentane, 2-methyl (A,H,J) 

2, 4-nonadienal, (E,E)- (PDMS, flask) 

2,4-decadienal (PDMS, flask) 

2-decenal, (E)- (PDMS, flask) 

furan, 2-pentyl (PDMS, flask) 

hexanal (PDMS, flask) 

 

After 

(metal) 

1-butanol, 2-methyl (DVB) 

1-hexanol, 2-ethyl (DVB; Tenax Etched) 

1-pentanol (DVB) 

2,4-decadienal (DVB) 

2,4-nonadienal, (E,E)- (DVB) 

2-decenal,(E)- (Tenax etched; Tenax packed) 

2-heptenal (E)- (DVB) 

2-heptenal (Z)- (DVB) 

butanal, 2-methyl (DVB; Tenax packed) 

Furan, 2-pentyl  (DVB) 

heptanal (DVB) 

heptane (DVB) 

hexanal (DVB; Tenax etched; Tenax packed) 

hexane (DVB) 

octanal (DVB; Tenax etched) 

octane (DVB) 

pentanal (DVB; Tenax packed) 

pentane(DVB; Tenax packed) 

propanal (DVB) 

1-butanol (H) 

1-butanol, 2-methyl (H) 

1-hexanol, 2-ethyl (H) 

1-pentanol (H) 

2-decenal, (E)- (J) 

2-heptanone, 4-methyl (H) 

4-heptanal, (E), (B) 

heptane (B,H,J) 

hexanal (B, H,J) 

hexane (H) 

nonanal (H) 

octanal (B,H) 

octane (J) 

 

1-butanol, 2-methyl (A,J) 

1-heptene (A) 

1-hexanol, 2-ethyl (A) 

2-heptenal, (Z)- (A) 

3-heptanone, 4-methyl (A,H,J) 

3-heptanone, 6-methyl (A) 

3-nonene (A) 

cis-4-nonene (A) 

heptane (A,J) 

hexane (A,J) 

octane (A,J) 

pentane, 2-methyl (A,H,J) 

1-hexanol, 2-ethyl (PDMS, flask) 

1-pentanol (PDMS, flask) 

2,4-decadienal (PDMS, flask) 

2-decenal, (E) – ((PDMS, flask) 

2-nonenal , (E)- (PDMS, flask) 

2-octenal, (E)-  (PDMS, flask) 

furan, 2-pentyl (PDMS, flask) 

hexanal (PDMS, flask) 

nonanoic acid (PDMS, breath) 

octanal (PDMS, flask; Tenax, flask) 

octane (PDMS, breath; PDMS, flask) 

1
In parentheses: type of µPC used to concentrate sample in which listed lipid oxidation product was found 

2
In parentheses: subject in whose breath listed lipid oxidation product was found; three subjects in this portion of the study: B, H, J 

3
In parentheses: subject in whose breath listed lipid oxidation product was found; three subjects in this portion of the study: A, H, J 

4
In parentheses: method (breath or in vitro (flask)) and SPME adsorbent used to collect and concentrate sample in which listed lipid oxidation product was found 
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Appendix C: Select Individual Chromatograms 

From Figure 10: Comparison of “After Fe2+” Breath from Subject A (top) and Subject J 

(Bottom) Concentrated Using a Packed DVB µPC 

Subject A 

 

Subject J 
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From Figure 11: “Before” and “After Fe
2+

” Chromatograms of Three Different Trials from 

Subject A, Breath Samples Concentrated with a packed DVB µPC 
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“Before” #2 

 

 

“After” #2 
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“Before” #3 

 

 

“After” #3 
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From Figure 12: “Before” and “After Fe2+” Chromatograms of Three Different Trials from 

Subject H, Breath Samples Concentrated with etched Tenax µPC 

“Before” #1 

 

 

“After” #1 
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“Before” #2 

 

 

“After” #2 
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“Before” #3 

 

 

“After” #3 
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From Figure 14: “After Metal Addition” Linoleic Acid Samples Concentrated Using the Same 

Packed DVB µPC 

Sample 1, Day 1 

 

Sample 2, Day 1 

 

 

Sample 1, Day 2 
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Sample 2, Day 2 
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From Figure 15: Ambient Air from a Conference Room, Lab, and the Outdoors, Concentrated 

Using an Etched Tenax µPC 

Conference Room Air 

 

 

Lab Air 
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Outdoor Air 
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Appendix D: High Density Polyethylene (HDPE) Pipe Data 

Purpose 

In addition to the scope of the above-described project, further studies were pursued to 

illustrate the functionality of the µPC as a means of analyzing the potential for other 

environmental exposure, specifically the effects of residual chlorine in drinking water on HDPE 

pipe.  The DVB packed µPC was used to concentrate the gases from within HDPE pipe and from 

the headspace above water, which had been stored in HDPE pipe.   

Methods 

HDPE pipe with an internal diameter of 1.6 cm was cut to lengths of 99 cm to achieve a 

volume of 200 cm
3
 per pipe section. Two water solutions were prepared: a control solution of 

non-chlorinated simulated tap water, and a solution of highly chlorinated simulated tap water.  

The latter was made fresh daily, using chlorine bleach, at a concentration of 250 mg/L ± 5% 

chlorine; the concentration was verified using the average of three measurements taken with a 

colorimetric total chlorine test kit (Hach).   

Silicon stoppers were wrapped in Teflon tape.  One stopper was inserted in the end of a 

pipe section, and the pipe was filled, until overflowing, with the appropriate water sample. Two 

pipes were prepared at a time, one with non-chlorinated water and the other with chlorinated 

water.  Once filled, the other end of each pipe was capped with a Teflon tape-wrapped silicon 

stopper.  Stoppers were secured with tape to prevent leakage.  Both pipes were then inserted into 

a large piece of PVC pipe, which was capped on both ends and stored in a 38˚C room for 24 

hours.   

After 24 hours, the PVC pipe was removed from the warm room and HDPE pipes 

removed from therein.  One stopper was removed from the end of a HDPE pipe section, and the 

water within poured into a modified 500 mL Erlenmeyer flaks (onto which a 25 mL scintillation 

vial with screw-on rubber septum cap was annealed to the side). The flask receiving the 

chlorinated water already contained 11 mL of hydrogen peroxide (as a dechlorinating agent) 

before the water from the pipe was emptied into the flask.  The flask stoppers were quickly 

secured and sealed with parafilm.  Stoppers were also quickly replaced in HDPE pipe.   
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If sampling could not be achieved immediately, sealed flasks containing sample water 

were stored at 2˚C.  Pipes, with silicon stoppers replaced, were stored in the capped PVC pipe at 

38˚C.   

Sampling was done from both the headspace above both water samples and the space 

from within each HDPE pipe section.  All four samples per trial were concentrated both with a 

PDMS DVB SPME fiber and a DVB packed µPC.  During sampling of the water headspace, the 

flask was heated to 40˚C in a water bath.  SPME concentration was conducted first by placing 

the SPME fiber into the flask’s headspace, through the septum cap, for 10 minutes.  The sample 

was then analyzed as described below.  For µPC loading, two pieces of capillary tubing were 

inserted in the septum opening of the glassware.  One was connected to a vacuum pump and the 

other an inert bag filled with high purity nitrogen, which replaced the sample gases in the 

glassware as they were drawn through the µPC.  The sample was drawn across the µPC, for 10 

minutes.  Sampling of the gases from within HDPE pipe sections was conducted as described 

above, through a septum in a bored-out, Teflon tape wrapped silicon stopper. 

 

Some samples incorporated an internal standard as a reference.  The standard chosen was 

an EPA 624 Surrogate Standard (Restek), containing fluorobenzene, pentafluorobenzene, and 1-

bromo-2-fluorobenzene.  The standard was diluted from 2000 µg/L to 200 µg/L in methanol and 

stored in 25 mL GC vials with crimp caps, placed in a sealed mason jar at ~0 ˚C .  Before each 

use, the standard was further diluted to 20 ng/L in Nanopure water, over heat.  Standard was 

loaded from the above described flask (containing 0.5 mL of standard) for 5 minutes per sample.   

 

Prior to sample concentration concentrators were conditioned to remove any compounds 

collected between uses.  SPME fibers were conditioned at a temperature of 250°C for 30 

minutes.  Micropreconcentrators were heated to temperature of 200°C with carrier gas flowing 

through them and left to be conditioned for at least ten minutes.   

 

Samples were analyzed using a gas-chromatography-mass-spectrometry (GC-MS) system 

with a DB- 17 MS 30 m fused-silica capillary column.  SPME samples were desorbed in the GC 

injection port for 3 minutes.  Samples was desorbed from the µPC on a ceramic heater at a 

temperature of 200°C, while carrier gas flowed through the µPC and then onto the column.  The 
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GC was programmed as follows: initial temperature of 33°C, held for six minutes, followed by a 

ramp rate of 2°C/min to a final temperature of 175°C, which was held for 2 minutes. The carrier 

gas flow was set to 1.2 mL/min. 

 

Data 

Compounds of interest were not readily found in either the pipe or the headspace above the water 

stored in the pipe.  Results from non-chlorinated and chlorinated water were similar in most 

cases.  SPME was outperformed by µPCs as a means of sample preconcentration. 

 

Table AD1 – Numbers Used to Label Respective Compounds in Chromatograms Below 

Number Compound 

1 pentafluorobenzene (external standard) 

2 fluorobenzene (external standard) 

3 1-bromo-3-fluorobenzene (external standard) 

4 methylene chloride 

5 trichloromethane 
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Figure AD1 – Chromatograms of Headspace above Non-chlorinated (top) and Chlorinated (bottom) Water Stored in 

HDPE Pipes; Samples Concentrated using a Packed DVB µPC 

 

 

Figure AD2 – Chromatograms of Air Sampled from within HDPE Pipes, which Stored Non-chlorinated (top) and 

Chlorinated (bottom); Samples Concentrated using a Packed DVB µPC 
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Figure AD3 – Chromatograms of Headspace above Non-chlorinated (top) and Chlorinated (bottom) Water Stored in 

HDPE Pipes; Samples Concentrated using a PDMS DVB SPME Fiber 

 

 

Figure AD4 – Chromatograms of Air Sampled from within HDPE Pipes, which Stored Non-chlorinated (top) and 

Chlorinated (bottom); Samples Concentrated using a PDMS DVB SPME fiber 
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