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Review
Breath-based metabolomics (breathomics) is an exciting
developing area of biotechnology that centers on the
capture, identification, and quantification of volatile or-
ganic compound (VOC) patterns in human breath and
their utilization as tools in the diagnosis of a broad
spectrum of medical problems. With the age of person-
alized medicines demanding rapid bespoke diagnosis
and treatment, this area of molecular diagnostics is
beginning to see an upsurge in biotechnological ad-
vancement. Here, we discuss recent improvements
and directions in the development of breath VOC analy-
sis and diagnosis platforms that offer the potential for
disease biomarker discovery and disease prognosis.

VOCs as an unmapped source of biomarker potential
within the breath
Breathing is something we all do approximately 20 000
times a day and is a medium that contains a wealth of
potential for non-invasive disease detection. Currently,
components of breath studied include breath condensate
[1], exhaled breath particles [2], and in some instances,
combined with carbon isotope-labeled substrates to inves-
tigate drug metabolism [3]. Given the broad nature of this
field, we highlight current trends and the future direction
of the potential of gas-based VOCs (see Glossary) as a
source of disease diagnosis.

The modern era of breath gas analysis started in 1971
when Linus Pauling’s pioneering paper [4] to the National
Academy of Sciences communicated that a typical human
breath signature comprised over 250 spectral features
containing information potentially originating from VOCs
within the breath. These compounds are the products
of numerous highly dynamic and regulated metabolic
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processes not only locally in the lung, but also throughout
the body, whereby VOCs generated peripherally are trans-
ported to the breath via the pulmonary circulation and
subsequent alveolar blood–gas exchange.

The relatively slow pace of breath biomarker research
since is in part due to technological limitations associated
with the complexity of reliably capturing breath, the ana-
lytical intricacy of extrapolating potential biomarkers from
endogenous signals, and the inability of the chemical
detectors used to achieve sufficient sensitivity and analyte
specificity for the many low concentration compounds.

With current human biomedical monitoring focusing on
tissue samples and bodily fluids as a source of diagnosis [5],
breath-based biomarkers remain among the least devel-
oped despite having huge potential as a non-invasive
diagnostic source.

Over the past few years, 3400 individual VOCs have
been detected from deep alveolar breath, and breath diag-
nostics has garnered increasing attention from the media
(www.bbc.co.uk/news/science-environment-22013700) and
governing bodies [6]. The renaissance in breath diagnostics
is fuelled by advancements in adaptive sampling method-
ology and an explosion in the diversity, versatility, and
sensitivity of associated detection platforms. It is impor-
tant that this upward trend in biotechnological advance-
ment is continued in order to develop non-invasive real-
time disease diagnostics that will be available in the clinic
and at the bedside, at the point of care (PoC) [7,8].

The breath analysis pipeline
The breathomics analysis pipeline (Figure 1) is comparable
to other metabolomics-based procedures for other sub-
strates, such as biofluids and tissues [9,10]. A sample is
collected in a standardized manner and chemically profiled
by a suitable platform to gain the largest representative
(in terms of reproducibility and robustness) metabolomic
signature [11]. This can be performed on larger systems,
such as gas chromatography-mass spectrometry (GC-MS).
Subsequent data preprocessing and statistical or chemo-
metric analysis of the platform data are carried out to
identify significant metabolic panels that can be linked to
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Glossary

Breathome: the profile of detectable biomolecules in the gaseous and/or liquid

phase of exhaled breath.

Chemical arrays: chemiresistors based on a random network of carbon

nanotubes with polyaromatic hydrocarbons containing a hydrophobic meso-

gen and terminated with ether groups of 2-ethyl hexane groups. Chemiresis-

tors were based on gold nanoparticles coated with various hydrocarbons to

ensure a high degree of cross-reactivity of ligands with a diverse range of

VOCs.

Chronic obstructive pulmonary disease (COPD): a lung disease largely caused

by smoking, associated with airways inflammation, recurrent exacerbations,

and progressive difficulties in breathing associated with the narrowing and

collapse of the airways.

Differential mobility spectrometry (DMS): ions are subjected to various electric

field strengths for different periods, such that ions with certain mobilities will

remain.

eNose: an artificial sensor system enabling quantitative or qualitative analysis

of VOC mixtures.

Field asymmetric waveform ion mobility spectrometry (FAIMS): an ion

separation technique in which ions are separated at atmospheric pressure

via application of a high-voltage asymmetric waveform.

Flame ionization detector (FID): a detector type, frequently used after gas

chromatography, that quantifies the concentration of organic species in a gas

stream.

Gas chromatograph mass spectrometry (GC-MS): analytical method used to

resolve and identify complex mixtures in the gaseous form.

Hierarchical cluster analysis (HCA): a statistical method used for finding

homogeneous clusters of cases based on measured characteristics by reducing

number of clusters gradually until there is only one significant cluster

remaining.

Kernel-based orthogonal projections to latent structures (K-OPLS): algorithms

used to predict variance between responses and variables for certain data sets.

Principal component analysis (PCA): a multivariate analysis test that uses

orthogonal transformation to convert a set of observations of possibly

correlated variables into a set of values of linearly uncorrelated variables,

called principal components.

ProteoWizard: a set of modular and extensible open-source, cross-platform

tools, and software libraries that facilitate proteomics data analysis.

Proton transfer reaction mass spectrometry (PTR-MS): a sensitive online tool

for monitoring VOCs that comprises an ion source directly connected to a drift

tube and an analyzer.

R: a software package for statistical data analysis. R is a free software

environment for statistical computing and graphics. It compiles and runs on a

wide variety of UNIX platforms, Windows, and MacOS.

Receiver operating characteristic (ROC): ROC curves are graphical tools to

select possibly optimal models and to discard suboptimal ones independently

from the class distribution.

Selected ion flow tube mass spectrometry (SIFT-MS): a quantitative approach

that involves chemical ionization of low concentration volatile compounds by

selected positive precursor ions during a defined period along a flow tube.

Solid-phase micro-extraction (SPME): a sample preparation technique that

involves the use of a fibre coated with an extracting phase (liquid or solid) that

can extract various types (volatile or non-volatile) of analyte from gaseous or

liquid media.

Surface acoustic wave (SAW): a detector in gas chromatography that

quantifies concentrations directly in proportion to the frequency of a surface

acoustic wave.

Thermal desorption (TD): a technology that utilizes heat to volatilize a gaseous

substances from a solid matrix.

Time warping: a basic time-warping algorithm computes the time axis stretch

that optimally maps one time series (query) onto another (reference); it outputs

the remaining cumulative distance between the two.

Volatile organic compounds (VOCs): organic molecules displaying a high

vapor pressure at ambient pressure (VOCs can be detected in the part per

billion range).
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the biology of the disease in question. The final step is the
advancement of targeted, miniaturized systems that can
be used in a clinical setting by healthcare professionals
who are not necessarily experts in bioanalysis.

Breath analysis is encountering several distinct chal-
lenges in the attempts to miniaturize inherently complex
technology. The main areas of sample collection and ana-
lytical processing via MS analysis have been the foci of
improvement to date. The cycle of development starts with
the collection of a pilot sample set (preferably in duplicate).
Duplicate sampling allows for tandem analysis. A large MS
platform can positively identify VOCs, concurrently permit-
ting external validation and signal correlation of the ‘breath-
print’ created by a smaller sensor-based device. The smaller
devices have more prospect of acceptance at PoC within a
clinical setting. Subsequent chemometric analysis, which
must be appropriately validated [12,13] and reported so that
others can reproduce this process [14], is used to classify
potential patterns that can be linked to specific disease
pathology and any potential biomarker relations.

Current VOC-capturing technologies
Measurement of exhaled-breath VOCs requires analytical
methodologies that reproducibly capture analytes of inter-
est while minimizing interference from the sample matrix.
For metabolomic profiling, the sampling process should
also be as chemically unselective as possible. Breath-cap-
ture methods range from directly breathing into an analy-
sis platform [15] and the relatively simplistic collection
within plastic Tedlar1 and aluminized Mylar bags or Bio-
VOCTM bottles, to more complex systems that try to maxi-
mize sample quality and minimize the influence of the
main challenges in breath analysis. Effective capture of a
sample requires minimizing interference from exogenous
environmental VOCs [16] or VOCs that do not originate
from the area of interest, such as the lower respiratory
tract or systemic compartment. VOCs from the upper
respiratory tract and mouth are the targets of interest.
Using a buffered-end tidal system [17] is one way to
achieve efficient breath capture, along with using the
breath collection unit developed by Ionicon. By contrast,
uncontrolled end exhaled-breath sampling does not reli-
ably and reproducibly measure concentrations of alveolar
VOCs, and a steady breathing pattern should be estab-
lished before analysis [18]. The breath-sampling apparatus
must be acceptable to target patient groups (which may
include those in respiratory distress or under ventilation)
and to the operator. The apparatus must be safe and
should comply with appropriate infection control require-
ments for use in the clinical environment. Current VOC-
trapping technologies have their relative merits and draw-
backs (Table 1).

Once the breath has been sampled, it needs to be
introduced into the analytical platform. In the case of
GC-MS, this is commonly via thermal desorption (TD)
[19], solid-phase microextraction (SPME) [20], or porous
monotraps (http://www.hichrom.com/product_range/exis-
ting_products/GLS/Monotrap.htm). These methods fall un-
der the umbrella of active absorbent-based trapping and
involve drawing the breath sample over a fiber or through a
tube containing a combination of adsorbent polymers or
activated charcoal. The adsorbent materials are heated to
release trapped VOCs, which are then applied to a GC
column. These methods benefit from being inherently
designed to preconcentrate VOCs, can be tailored to target
specific groups of VOCs, and initial sampling can be done
by portable equipment before analysis via MS.

Current VOC identification platforms
Currently, the main analytical platforms for biomarker
discovery and identification use time-of-flight (ToF) MS,
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Figure 1. Progressive stages within the development of portable breath analysis platforms. Abbreviations: PTR-MS, proton transfer reaction mass spectrometry; TD/GC-

MS, thermal desorption/gas chromatography mass spectrometry; VOC, volatile organic compounds.
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which provides accurate determination of mass at high
resolution, therefore aiding the identification of unknown
species. The resolving capabilities of GC have been coupled
to this form of MS [21]. GC-MS remains the gold standard
hybrid-analytical platform used and applied successfully
in breath VOC biomarker identification over a diverse
range of diseases [22,23]. However, GC-MS does not offer
real-time analysis, has a large laboratory footprint (negat-
ing portability), and suffers from the need for constant
calibration for specific analytes as well as extended sample
processing times.

In recent years, other hybrid MS techniques, such as
selected ion flow tube MS (SIFT-MS), proton transfer reac-
tion MS (PTR-MS) and switching reagent ion MS (SRI-MS)
[24], have offered an alternative approach. These methods
can require chemical ionization from larger reagent ions,
such as H3O

+, NO+, and O2
+, but have been shown to produce

real-time quantification of VOC profiles in healthy volun-
teers [25] along with biomarkers entrapped on human skin
[26] and linked to diseases such as gastric cancer [27], lung
cancer [28], and renal failure [29]. PTR-MS has also been
used in the real-time evaluation of breathing patterns and
how they influence VOC output [30,31].

Another technology that has seen advancements made
with breath analysis is differential mobility spectrometry
(DMS), which works through the identification of ions via
their mobility in a carrier gas. DMS can be hybridized with
ToF-MS as an ion filter, or combined with GC as a full
detector. Importantly, these machines are small and have
limited resource requirements. Once cross-validated with
a full MS platform, they can potentially act as standalone
sensors for used at the PoC. Analytical devices continue to
be developed and are becoming more portable (Table 2).

Statistical challenges in breathomics
Each analytical platform used in breathomics has its own
statistical challenges and limitations. However, aligning
540
these outputs to search for a common map that captures
and overlays different data types is essential. Tools are
being developed to overcome the challenges in validating
VOC data (Box 1). Raw data collected using eNose systems
comprise variation in electrical resistance that can be cou-
pled with off-line pattern-recognition software for analysis
[32]. Data acquired from hybrid MS systems require many
data treatments, such as deconvolution, baseline correction,
interpolation, alignment, normalization, and scaling [33].
Various packages written for statistical software, such as
Matlab, R, and Python, can perform these functions, along
with splining, dynamic time warping, parametric time
warping, or correlation optimized warping (COW) as well
as Java-based applications, such as MZMine, MZMatch, or
ProteoWizard [34]. Once the data have been preprocessed, a
deterministic approach to the application of univariate
analysis, such as one-way analysis of variance (ANOVA),
Kruskal–Wallis, or an unpaired t-test, can used for compar-
ing groups, with adjustments for multiple testing to mini-
mize false discovery rates. At the same time, cross-
validation techniques, such as bootstrapping, can be used
to test the strength of the statistical test. Combination of
this univariate strategy alongside multivariate analysis,
such as principal component analysis (PCA) or genetic
algorithms, gives a more comprehensive view of a data set.

Once data have been interpreted, a consensus has to be
reached on the quality of experimental output. Accepted
guidelines for this can be found within the Metabolomics
Standards Initiative (MSI) [35], a community-driven col-
lective that aims to achieve a global consensus for mini-
mum reporting standards and allow for integration of data
from independent laboratories. Curation of these data is
also a vital, yet often overlooked aspect to metabolomics
experiments. Adding final metadata sets to open-access,
online repositories, such as MetaboLights [36], allows for
greater experimental transparency, quicker knowledge
transfer, and better design of future experiments.



Table 1. Examples of current breath collection technologies and their relative merits

Sampling technology Advantages Disadvantages Compatible technology Refs

Tedlar/Mylar Bag Cheap and inert Susceptible to leaks and fragile Can interface with either

SPME or TD tubes for GC-

MS analysis, or connected

direct to ‘online’ analyzers,

such as sensor or IMS-

based systems

[57,58]

Reusable Can suffer from UV degradation (resulting

in inflated levels of hydrocarbons)

Water can condense within the bag and

interfere with downstream GC-MS analysis

Can connect to standard clinical respiratory

equipment

Care must be taken with cleaning and

storage to avoid contamination

Complications in bag sampling, storage,

and handling

Flow Reactor

Glass sieve

Sampling  port to
Tena x tub e

or PTR-MS di rect ly

Exhaled air

N2 purge

Exhaust Air

Good sample reproducibility due to precise sample

volumes being examined every time

Currently expensive Can have thermal

desorption tubes attached

to sampling port or can be

attached to PTR-MS or a

similar analyzer

[24,59]

Inert Requires a constant inert gas flow

Not user friendly

Constant flow minimizes the risk of water

condensation

High cost

Storage of several samples is impractical

Bio-VOCTM Cheap and inert Can only trap 150 ml of end-tidal breath and

cannot preconcentrate

Can apply breath on to

standard TD-tubes

alongside SPME filters for

further analysis

[60,61]

Bypasses upper respiratory/oral contamination Proportion of ‘late expiratory’ breath

sampled will vary by subjects’ lung volume

User friendly Does not allow for breathing equilibrium to

be reachedInternal standard can be added to the device

BCA Preferentially samples the end-tidal breath but has

two separate traps that can also pick up the front-end

breath

Potentially expensive outlay Compatible with GC-MS,

GC-SAW, and GC-FID

[22]

Large in size

Can link up to BreathlinkTM for access to a collated

database of previous breath profiles

User friendly

Digital Flow Control PoC ready
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Table 2. Current and developing analytical platforms for detecting breath VOCs

Technique Detection

limit

Advantages Disadvantages Potential for

point-of-care

use?

Refs

Spectrometric based

GC-MS ppb Current gold standard: can identify

unknowns; quantitative;

automated

Expensive; time consuming; not

currently portable; sensitivity not

improved by preconcentration;

requires dry samples

No [37,38,62]a

Highly sensitive; can

preconcentrate samples to detect

lower levels, automated

Complicated data deconvolution

and compound identification

processes

VOCs can be captured on different

absorbent beds, such as SPME, TD,

and Monotrap

SIFT-MS ppb Real-time analysis; can achieve

absolute quantification

Expensive; not ideal for broad

profiling

No [25,27]

DMS ppt Robust, compact, sensitive Confident identification needs to

be carried out on a MS system

Yes [63]

PTR-MS/PTR-ToFMS ppt Has high specificity and can detect

very low mass compounds

Cross-signal interference;

expensive

Yes [18,59]

ESI-MS ppb Minimal need for adaptive

sampling technology, rapid

Requires subject to be beside

analytical platform for analysis;

relatively expensive

No [64,65]

FAIMS ppb Can be miniaturized; (+)ve and

(�)ve ions can be detected

simultaneously (Owlstone)

Requires preprogramming; not

applicable to unknown

compounds; reduced sensitivity in

complex matrices; can suffer from

signal suppression

Yes [66]

Sensor based

eNose ppt Clinical PoC; data available in real

time; ease of use; programmable;

handheld

Requires preprogramming;

calibration and signal needs to be

compared with MS signal;

database of disease signals needs

to be created (Cyranose)

Yes [67]

Different sensor design, such as

quartz microbalance and

conducting polymers (Cyranose),

allows for large range of

compound coverage

Gold Nano-Biosensor ppt Rapid; no need for

preconcentration; highly sensitive;

disease specific

In development: requires

significant research for PoC

Potentially [68]

Surface Plasmon

Resonance

ppt Highly selective; high throughput Selective recognition needs to be

preprogrammed on an appropriate

chip surface (aqueous media)

Potentially [69]

Piezoelectric Cantilever ppt Can be specifically tailored to

individual compounds, not just

classes

Possible issues with poisoning of

binding ligands

Yes [70]

As lithographic techniques

improve, more sensors can be

applied to smaller chips

Sensitive to vibration

ahttp://www.hichrom.com/product_range/existing_products/GLS/Monotrap.htm.
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Clinical applications of breathomics
Breath analysis offers the potential for biomarker discov-
ery in an almost unlimited variety of clinical circum-
stances, ranging from disease diagnosis to stratification
to treatment monitoring or prognosis (Table 3). Likewise,
the breadth of disease groups would include airway and
lung diseases, and even distal single-organ or systemic and
multiorgan diseases that transmit VOC byproducts into
the blood stream. Challenges that must always be
addressed and accounted for in breath sampling for clinical
studies include environmental contamination, patient
comfort and safety, and infection control. Study-specific
issues relate to the desire to sample preferentially the
portion of the breath that arises from the area of interest
542
(e.g., the mouth, airways, or alveoli). The study of volatiles
arising in the mouth principally relates to the study of
halitosis and is reviewed elsewhere [37].

The aspect of breath analysis that relates to metabo-
lomics is unlikely to reveal any single, unique biomarkers
pertaining to particular diseases, organisms, or process.
Specific combinations or classes of compounds (i.e., fin-
gerprints) are more likely to form the basis of a ‘compound
biomarker panel’ for a disease, as established from pre-
vious work in obstructive airway diseases. For example,
in chronic obstructive pulmonary disease (COPD), a mod-
el VOC panel comprising 11 volatile compounds discrimi-
nated COPD from healthy controls, of which nine VOCs
were aldehydes [19]. Similarly, the model that could

http://www.hichrom.com/product_range/existing_products/GLS/Monotrap.htm


Box 1. Mass spectrometry data analysis in breathomics

In line with all other -omic technologies, breathomics is a data-driven

discipline that intrinsically generates information-rich raw chemical

profiles. These need to be preprocessed and then statistically

analyzed to aid in novel biomarker discovery and subsequent

validation (Figure I). Data analysis can be divided into five key

stages. Primarily raw data are extremely complex but rich in

information that is subjected to data preprocessing in second stage

of this pipeline. Various data visualization packages aid in ‘cleaning’

data to make them easier to handle. In stage four, statistical tests are

performed to analyze the significance of differences or similarities in

data. The final stage of this pipeline represents end-stage data that

can indicate biomarkers linked to disease states and treatment

progression.

Within this pipeline are many pitfalls and potential bottlenecks. Given

that best methods for preprocessing cannot be made empirically, and

due to the so-called ‘no free lunch theorem’ (where each chemometrics

solution is different and one size does not fit all), an approach to each

experiment has to be established deterministically. This includes how

missing data are dealt with and what imputation methods are used; in

addition, the optimal way to scale and normalize data also needs to be

established, before the data are even analyzed by the plethora of

possible univariate and multivariate methods.
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Figure I. The three main stages for breathomics data treatment and analysis. Abbreviations: BMI, body mass index; TIC, total ion chromatogram.
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differentiate asthmatic from healthy breath in a parallel
study contained multiple methylated alkanes [38]. The
latter classes of compound have received interest else-
where as potential markers for lung cancer [22] and
diabetes [23].
It may often be difficult to provide a biological explana-
tion for the correlation between VOCs and pathology in
particular disease states. However, such explanations
would provide a degree of biological validity to any early
discoveries, as would the discovery of similar classes of
543



Table 3. Selected examples of clinical studies of breath volatile analysis applied to human diseasea

Sample

collection

Details Analytical method Disease VOCs under investigation Refs

Bags Tedlar bags; whole breath

pulled into adsorbent tubes

TD/GC-ToFMS Asthma/COPD Untargeted [58]

TD/GC-MS Liver disease Ethane, acetone, isoprene,

alcohol, sulfur

compounds

[71]

Tedlar bags; whole breath PTR-MS versus

SPME/GC-MS

Lung cancer Untargeted [72]

SPME/GC-MS Infection 2-pentyl furan (Aspergillus

spp.), 2-

aminoacetophenone

(Pseudomonas spp.)

[73]

Tedlar1 bags versus BioVOCTM SPME/GC-MS Asthma Untargeted [74]

Nalophan bags; whole breath SIFT-MS Gastrooesophageal

cancer

Alcohols, phenols,

pentanoic acid, hexanoic

acid, hydrogen sulfide,

hydrogen cyanide,

acetaldehyde,

formaldehyde, acetone,

acetic acid, isoprene,

ammonia

[75]

Tedlar bags; washout; filtered

air; whole breath

eNose (Cyranose) Asthma Unknown (sensor-based) [76]

COPD [77]

Lung cancer [78]

Mylar bags; washout; filtered

air; breath sampled against

resistance to minimize nasal air

contamination

SPME/GC-MS,

Gold nanoparticle

sensors

Lung cancer [79]

eNose (Cyranose) [80]

BioVOCTM BioVOCTM; targeted late

expiratory sampling; single

breath

SPME/GC-MS Lung cancer Untargeted [61]

Aldehydes [60]

BioVOCTM; single breath;

adsorbent tubes

GC-MS Liver disease Ketones, methylsulfides,

indole, dimethyl selenide,

1-propanol

[81]

Adsorbent

tubes

Washout; filtered air; targeted

late expiratory sampling;

multiple breaths per sample

TD/GC-ToFMS Asthma Untargeted [38]

COPD Untargeted [19]

TD/GC-DMS Unknown (IMS-based) [63]

Targeted late expiratory

sampling; adsorbent trap

‘Breath Collection Apparatus’

TD/GC-MS Lung cancer Untargeted [82]

Oxidative stress Alkanes [23]

Tuberculosis Untargeted [83]

aStudies were selected to demonstrate the variability of techniques used for both breath sampling and sample analysis.

Review Trends in Biotechnology October 2014, Vol. 32, No. 10
volatile compound in different studies investigating relat-
ed diseases. Methylated alkanes, such as 4-methyloctane
and 3-methyldecane, arise in states of oxidative stress
[23,39]. Independent discovery of these methylated
alkanes as discriminating compounds for different process-
es that involve oxidative stress provides reassurance that
they are likely to prove useful. Although the nonspecificity
of methylated alkanes may mean that they cannot be used
for diagnosis, monitoring their levels within an individual
over time might be useful for inferring how ‘oxidatively
stressed’ the individual may be at any point. Another
disease area that may be ideal for breath volatile monitor-
ing is infection. The altered exhaled volatile profile of
infected individuals relates theoretically both to the me-
tabolism of the infecting organisms, and the host inflam-
matory response to that infection. This has been tested
actively in patients with cystic fibrosis [40] and pulmonary
TB [41].

One area in which there is the potential for specific
single biomarker utility is drug metabolite detection.
Such an application has already been investigated for
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the monitoring and dose titration of anesthetic gases on
intensive care units [42]. Another ingenious approach to
treatment monitoring is the detection of exhaled 13C
following ingestion of an isotopically labeled drug [3].
The Helicobacter pylori test is one such example that
measures the kinetics of labeled CO2 from a pulse of
13C urea [43]. These methods have the advantage of
reflecting the metabolism of a specific a drug in a patient
and could also aid in identifying patients who are either
at risk of drug toxicity or treatment failure [44].

Future advancements towards PoC detectors
Assays that minimize the number invasive diagnostic
interventions (i.e., histological examination following in-
vasive biopsy) are desirable. Elucidation of the breath-
ome for specific diseases in large patient groups may one
day become a direct and immediate solution in diagnos-
tics and ultimately reduce the morbidity and costs asso-
ciated with routine invasive procedures. In this section,
we discuss more recent technologies supporting PoC
applications.
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Advancements in GC-MS

As far back as the 1970s, 2D GC-MS (GC�GC-MS) had
been recognized as a powerful extension of standard GC-
MS [45]. This comprehensive technique involves utiliza-
tion of an orthogonal secondary short column that signifi-
cantly improves the separating ability within the system
by an order of magnitude. The resultant peaks are then
displayed in a 2D plot that allows for more accurate
identification compared with standard GC-MS, because
Box 2. Current technologies being adapted to portable breath an

Portable and handheld field asymmetric ion mobility spectrometry

(FAIMS) systems, such as the UltraFAIMS system (Owlstone) benefit

from working at atmospheric pressure and chipset miniaturization

(Figure I). Breath samples can be introduced into the central drift tube

via the ion source where asymmetric tuning of the control voltage

allows for the targeted detection of specific metabolite ions to reach a

detector (in Figure I, this is the yellow trace). This information can be

plotted and incorporated into a pattern recognition linked to specific

disease biomarker fingerprints.

Microfabricated piezoelectric cantilever arrays (Figure II) have the

advantage of being able to be tailored to almost any molecular species

while working at atmospheric pressures. Figure IIA comprises a two-part

blank electroactive cantilever that has a base level of electrical activity.

Asymmetric waveform
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IM
IM Constant
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0v
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Figure I. The flow path within a portable ion mobility system. The portability an

Abbreviations: IM, ion mobility; MS, mass spectrometry.

V

A

Blank lever 

Func�onalized lever 

Ligand-bound lever 

B

C

TRENDS in Biotechnology 

Figure II. The flow path and feedback loops within a diode-based laser tuning system.
it uses two specific coordinates instead of a single retention
time, along with the standard mass fragmentation pat-
terns. Use of this technology, such as the Shimadz Com-
prehensive GCxGC and the Leco Pegasus 4D ToF-MS
systems, for breath VOC analysis is in its infancy but
has been successfully used to elucidate healthy breath
VOC patterns [46] and certain diseases [45,47]. However,
widespread use has previously been hampered by an ex-
pensive outlay, complications in handling cryogenic gases,
alysis

Functionalization by metabolite sensitive ligands (Figure IIB) implies

specificity to the device and the final step involves target metabolite

binding to the functionalized ligand (Figure IIC). This causes a change in

the lever electronic and/or resonance signal that can be detected by the

system. Bespoke panels of different levers can be designed around

diverse biomarker panels, allowing for a truly tunable platform.

Laser absorption systems (Figure III) use the versatility of diode-based

laser tuning in a highly targeted manner. A laser beam of specific energy

is transmitted into a chamber filled with a breath sample and this beam

interacts with specific metabolites. The laser beam then converges upon

the photodetector, which translates the beam, and the information it

conveys (such as metabolite presence and concentration), into an

electrical signal that is returned to the signal processing unit.

MS
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Ion
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d directed application of such set-ups hold potential within clinical settings.
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Figure III. The three stages of fabrication within piezoelectric cantilever arrays.
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and potentially large data files that can be cumbersome to
process in a high throughput environment.

Chemical arrays

As mentioned above, limitations in the technology associ-
ated with the GC-MS setup, a routinely used tool in breath
analysis, relate to acquisition and portability of the instru-
mentation and complexity of data analysis. Preconcentra-
tion of breath samples is often required that enhances the
bias through detection enhancement of specific VOCs,
whereas water vapor influences the detection of specific
VOCs. In a study by Peled et al., VOCs were detected by
cross-reactive chemical nanoarrays in the presence of wa-
ter vapor at a higher accuracy than by GC-MS to differen-
tiate between benign and malignant pulmonary nodules.
The principle VOCs responsible for differentiation between
small cell lung cancer and non-small cell lung cancer were
identified as decanal, acetophenone, and 1,3-bis (1,1-
dimethylethyl)-benzene) with an in vitro separation of
100% sensitivity and 75% specificity [48]. Microfabricated
piezoelectric cantilevers are another attractive alternative
(Box 2).

The bioelectronic nose (eNoses)

The olfactory system has a major role in the differentiation
between a diversity of low-molecular-weight VOCs. Olfac-
tory receptors (ORs) are the largest multigene G-protein-
coupled receptors, and their expression is restricted to the
nasal epithelia. When odorants are presented to the nasal
cavity, they are selectively recognised by ORs, which trig-
ger intracellular signal transduction pathways that trans-
mit signals to the brain cortex for processing.

Historically, live animals have been used as olfactory
biosensors in various disciplines ranging from disease
detection to bioterrorism. In addition to live animals,
various components of the olfactory system, such as tis-
sues, cells, and olfactory-related proteins, have been con-
sidered for use as recognition elements in olfactory-based
biosensors. eNoses, which are constructed from highly
sensitive biological olfactory components that are coupled
to electronic transducers, have received increasing interest
in the development of sensitive and precise assays for
detecting VOCs [49]. One device comprises cells expressing
ORs cultured onto surface plasmon resonance (SPR) chips
[50]. SPR signals are generated as a result of signal
transduction initiated by binding of odorant to ORs of
cultured cells, and the response is dose dependent.

ORs and proteins offer promising prospects for applica-
tion because they can be manufactured on a commercial
scale and are more stable, thus are more attractive for
application in field, than cell-based olfactory components.
Following commercialization, eNoses could be used to
fingerprint breath components as an initial step in differ-
entiating between healthy and diseased breath samples,
allowing subsequent analysis with GC-MS to quantify the
concentration of specific VOCs, and ultimately assisting in
novel biomarker detection [51].

Laser-based technologies

Laser systems are a sensitive means of targeting trace
amounts of VOCs in the human breath and numerous
546
analytical platforms fall under this category. Recent
advances in laser and photodetector capabilities have ren-
dered laser-based technologies sensitive to trace amounts
of compounds with the scope for an increasing range of
commercial PoC technologies becoming available. These
advances are counteracted by complications in specificity
of detection within complex media (such as breath), quan-
tification, and multiplexing detection ability.

Direct laser absorption spectrometry (DLAS) relies on
the quantification of laser light absorbed by multicompo-
nent gas mixtures to determine their respective concen-
trations. Challenges associated with the detection limit
using this approach have related to its susceptibility to
noise or interference, the requirement for transitions with
larger strengths, and the need for a longer path length for
enhancing detection sensitivity. Hence, laser-based ab-
sorption measurements have largely been superseded by
technologies that modulate the laser source (e.g., quantum
cascade lasers) [51], use transitions in unconventional
wavelength regions, or increase the effective path length
through inclusion of external cavities (e.g., cavity-en-
hanced comb and cavity ring-down spectroscopies) [52].

Cavity-enhanced comb spectrometry relies on signal
enhancement through the cavity multipass effect in which
the signal is recovered through comparison of light trans-
mitted through a cavity in the presence or absence of
intracavity absorption. This approach has been applied
in a bid to detect minimum detectable concentrations of
stable isotope ratios of CO2, CO, and ammonia in a high-
water background as ‘proof of concept’ [53].

Cavity ring-down spectrometry (CRDS) is a sensitive
laser-based technique for absorption measurements. The
radiation pulse is injected into a stable optical cavity
(resonator) built of two highly reflective mirrors. Through
multiple reflections between the mirrors, the radiation is
trapped in the cavity and small portions of its intensity are
transmitted after each encounter with a mirror, eventually
giving rise to an exponential decay profile [52]. Ammonia
and ethylene are biomarkers of interest to several pathol-
ogies, for which breath analysis was performed in real-time
using CRDS [54]. Although CRDS has existed since 1988,
advances in laser and photodetector technologies have
contributed to several modifications of this technology,
enhancing its sensitivity [55].

Laser photo-acoustic absorption spectrometry (LPAS)
uses intermittent laser pulses to irradiate samples, and
signals are generated as a consequence of converting elec-
tromagnetic energy into sound waves. Thus, the photoa-
coustic signal produced will directly depend on analyte
concentration [55]. Quantification of ethylene by LPAS was
used to assess ethylene as a biomarker for renal failure in
older patients [56].

Concluding remarks and future perspectives
Exhaled VOCs have the potential to aid rapid disease
detection, prognostication, and drug response at the point
of clinical care through biomarker discovery (Box 3). How-
ever, a major challenge limiting the application of this
approach is the lack of standardization in breath collection,
profiling detection platforms, and robust statistical anal-
yses. Use of more sensitive and portable approaches that



Box 3. Outstanding questions

� How can we standardize lab-based breath collection methods to

ensure sample consistency for cross-validation of different data

sets?

� What is the best approach to link high-confidence identification of

biomarker patterns with sensor signals?

� How can we increase the complexity, sensitivity, and specificity of

eNoses to compete with olfactory tissues?

� How can we develop algorithms for breath pattern detection

(finger printing for specific disease groups)?

� How can we link breath metabolome data to corresponding

proteomic and genetic information (an ultraomic approach)?

� What can be done to improve the portability of MS-based

technologies?
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allow the selective identification and quantification of
identified chemical groups will increase accessibility and
application in the clinical setting in the forthcoming years.
Current development and discovery of new tools within the
breathomics pipeline may render it a reality in the clinic,
not only for the diagnosis and monitoring of pulmonary
diseases, but also for a whole host of systemic diseases.
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