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Abstract—This work proposes an optical fiber system (OF) for 

sensing various volatile organic compounds (VOCs) in human breath 
for the diagnosis of some metabolic disorders as a non-invasive 
methodology. The analyzed VOCs are alkanes (i.e., ethane, pentane, 
heptane, octane, and decane), and aromatic compounds (i.e., benzene, 
toluene, and styrene). The OF displays high analytical performance 
since it provides near real-time responses, rapid analysis, and low 
instrumentation costs, as well as it exhibits useful linear range and 
detection limits; the developed OF sensor is also comparable to a 
reference methodology (gas chromatography-mass spectrometry) for 
the eight tested VOCs. 
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I. INTRODUCTION 
HE monitoring of the changes in the composition of 
human breath is crucial for the diagnosis of some 

metabolic disorders (e.g., diabetes, potassium and magnesium 
metabolism disorders), lung diseases (e.g., asthma, cystic 
fibrosis, and bronchiectasis), oxidative stress, and 
gastrointestinal disease [1]. The breath testing constitutes a 
non-invasive diagnostic method which can also be used for the 
monitoring of therapeutic intervention, drug monitoring, and 
the progression of diseases. 

The exhaled breath is composed by a mixture of inorganic 
gases (e.g., carbon monoxide, carbon dioxide, and nitric 
oxide), water, inert gases, and volatile organic compounds 
(VOCs) such as saturated (e.g., ethane and pentane) and 
unsaturated (e.g., isoprene) hydrocarbons, oxygen-containing 
(e.g., acetone), sulfur-containing (e.g., dimethylsulfide), and 
nitrogen-containing compounds (e.g., ammonia), which are 
present in concentrations from sub parts per billion (ppb) to 
parts per trillion (ppt) by volume [2], [3]. 

Specifically, the detection and quantification of some 
VOCs, i.e., alkanes (e.g., heptane, octane and decane) and 
aromatic compounds (e.g., toluene, benzene, and styrene) can 
allow to the diagnosis of diseases such as diabetes, airway 
inflammation, hepatic dysfunctions, and lung diseases [1], [3].  

 
 
 
 

 
C.I.L. Justino is with the Department of Chemistry & CESAM, 

University of Aveiro, Campus de Santiago, 3810-193 Aveiro, Portugal 
(corresponding author to provide phone: +351 232 910 117; fax: +351 232 
910 183; email: celinejustino@ua.pt). 

L.I.B. Silva, A.C. Freitas, T.A.P. Rocha-Santos, and A.C. Duarte are with 
the Department of Chemistry & CESAM, University of Aveiro, Campus de 
Santiago, 3810-193 Aveiro, Portugal (email: lisilva@ua.pt; afreitas@ua.pt; 
ter.alex@ua.pt; aduarte@ua.pt). A.C. Freitas and T.A.P. Rocha-Santos are 
also with the ISEIT/Viseu, Instituto Piaget, Estrada do Alto do Gaio, 
Galifonge, 3515-776 Lordosa, Viseu, Portugal (email: 
afreitas@viseu.ipiaget.org; teralex@viseu.ipiaget.org). 

K. Duarte is with the ISEIT/Viseu, Instituto Piaget, Estrada do Alto do 
Gaio, Galifonge, 3515-776 Lordosa, Viseu, Portugal (email: 
katia_reisduarte@hotmail.com). 

 
Such compounds also function as breath biomarkers which 

are useful and specific for certain metabolic disorders or 
diseases. For example, the formaldehyde is associated to 
breast cancer, the isoprene to blood cholesterol levels, acetone 
to type 1 diabetes and lung cancer, ammonia to renal diseases, 
and pentane is associated to peroxidation of lipids and 
rheumatoid arthritis [3]. The breath biomarkers can be 
endogenous if they are produced in the body through cellular 
biochemical processes, or they can be exogenous if they are 
inhaled and absorbed though the lungs or absorbed through the 
skin [2]. As the exhaled breath has low concentrations of 
analytes and large quantity of trace compounds, sensitive and 
selective analytical instrumentations have been required to the 
accurate determination of VOCs and other specific biomarkers 
in exhaled air. The existing analytical techniques commonly 
used in laboratory such as proton-transfer reaction mass 
spectrometry, gas chromatography coupled to mass 
spectrometry (GC-MS), to infrared spectrometry (GC-IR), or 
to flame ionization detection (GC-FID), direct-injection mass 
spectrometry, and laser-absorption spectroscopy are sensitive 
and selective but they require expensive instrumentation and 
complex procedures for sampling and analysis preparation, as 
well as they are commonly used for laboratory research and 
not real-time techniques [1], [3]-[5]. Sensors arrays [6], [7] are 
also been recently proposed for analysis of acetone and 
alcohols, respectively; such systems are based on miniaturized 
instrumentation but they require frequent calibrations.The use 
of optical-chemical sensors constitutes another alternative 
with high analytical interest and advantages as unmatched 
sensitivity, non-invasiveness, and multiple detection of 
analytes from chemical, biological and clinical areas [8]-[12]. 
Based on such considerations, this work proposes a sensing 
system based on optical fiber (OF) transducer for clinical 
diagnosis as a competitive technique compared to the existing 
methodologies for the real-time determination of various 
VOCs, i.e., alkanes (ethane, pentane, heptane, octane, and 
decane), and aromatic compounds (benzene, toluene, and 
styrene) from human breath samples. 

II. MATERIALS AND METHODS 
A. Sampling and Collection of Exhaled Breath, and Subjects 

Profiling 
A group of 10 males and 10 females was subjected to a 

questionnaire where such volunteers have indicated their 
professional activity and personal habits, among other 
topics.All subjects were aged between 20 and 30 years old, 
and they were considered as healthy persons being non-
smokers. The exhaled breath of each of the 20 subjects was 
collected for the measurement of eight selected VOCs, i.e., 
alkanes (ethane, pentane, heptane, octane, and decane), and 
aromatic compounds (benzene, toluene, and styrene), after a 
period of three hours where the subjects have not eaten or 
been submitted to physical activity.  
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The collection of breath samples was done on a laboratory 
under controlled conditions in terms of ventilation and 
temperature; the exhalation was done through a disposable 
mouthpiece (28 mm x 60 mm, medical express, Portugal) 
which was connected to a long tube (50 cm) through a Teflon 
plug, which in turn was connected to the sampling bulb (150 
mL). For each subject tested, five breath samples, and one 
room air sample were collected. 

  
B.  Chemicals and Preparation of Standard Mixtures 
The preparation of standards (purity > 98%, from Sigma-

Aldrich and Fluka) was made with carbon disulfide. Five 
standards (25.0 mL) were prepared through serial dilutions of 
stock solutions (pentane, heptane, octane, decane, benzene, 
toluene, and styrene previously prepared in 50.0 mL 
volumetric flasks). The solutions were mixed in an ultrasonic 
bath for 5 min., and refrigerated at 4 ºC. The ethane gas 
standard was diluted in N2 (99.999%, Praxair, Portugal). Table 
I provides the different concentrations of the VOCs standards 
used in this study, which were injected (5 µL) into the glass 
sampling bulb (SB) with a micro-syringe. 

 
TABLE I 

CONCENTRATIONS OF VOCS STANDARDS  

VOC Concentration (pmol.L-1) 
Ethane 100, 200, 300, 400, and 500 
Pentane 50, 150, 250, 350, and 450 
Heptane 5, 10, 15, 20, and 25 
Octane 2, 12, 22, 42, and 62 
Decane 5, 125, 225, 325, and 425 
Benzene 10, 40, 70, 100, and 130 
Toluene 30, 60, 90, 120, and 150 
Styrene 2, 22, 42, 62, and 82 

 
C. Optical Fiber Sensing: Experimental Set-Up 
Figure 1 shows the experimental set-up for the analytical 

system based on OF detection. 
 

 
Fig. 1 Experimental configuration of the developed OF sensor for 

VOCs in standard and breath samples (Gs - carrier gas; 3PV - 3-port 
valve; SB - sampling bulb; SI - standards injection; V - valve; F - 
flow meter; G/AF - glass column/adsorbent fibers; AT - analytical 
tube; C - optical coupler; L - laser; P - photodetector; PC - personal 

computer) 
 
After the vaporization of the samples (remained 20 min. in 

a glass column containing two adsorbent fibers, G/AF, with a 
constant flow of N2, 25 mL.min-1), the analytes were desorbed 
at 250 ºC. Then, the analytes were separated in a miniaturized 
column (70 mm x 4 mm o.d.) with polydimethylsiloxane 
(PDMS) as the coating matrix, under controlled conditions 
(the initial temperature was about 50 ºC, and then the 
temperature was increased until 100 ºC at 10 ºC.min-1 and to 
250 ºC at 30 ºC.min-1). The analytes was then detected by OF 
sensing after the carrying of the analytes through a constant 
flow of N2 to the analytical tube (AT).  

 

A 15 mm of pigtail (9 and 125 µm of diameter, for the core 
and cladding, respectively) covered by a 2 nm-thick of a 
siloxane polymer was inserted into the analytical tube after 
suitable preparation (mechanical uncladding, cleaning with 
dichloromethane, cleaving with a precision fiber cleaver, and 
cure of the OF end). The spray technique was used to deposit a 
coating film of poly[methyl(3,3,3-trifluoropropyl)siloxane] 
(0.05% in dichloromethane) on the cleaved OF end, which 
was cured at 70 ºC for 12 h. For the reliable breath analysis, 
and reducing potential interferences, the materials for the 
connection of the different components of the sensor and 
sampling tubes was made of Teflon, and the analytical tube 
(AT), columns and sampling bulb were made of glass, due to 
the adequate optical and physical properties of such materials. 

Before the collection, the sampling bulb (SB) was purged 
with N2 (99.999%, Praxair, Portugal) to reduce the ambient air 
contamination free from chemical and microorganisms. 

The analytical principle of detection was based on the 
registration of changes in optical power when the analytes 
were contacted with the sensitive region of the OF end. Due to 
the different refractive indexes of the analyte molecules and 
the sensitive polymeric film, the optical change was 
proportional to the concentration of each analyte. A 1550 nm 
laser diode (L, Oz Optics, Canada) was used as the source of 
light, and a photodetector (P, Oz Optics, Canada) was used to 
detect the changes of the optical power; the data acquisition 
was performed on a personal computer (PC) by a home-made 
software. 

 
D.  Reference Methodology (Gas Chromatography-Mass 

Spectrometry, GC-MS) 
The measurement of the eight selected VOCs (on standards 

and breath samples) was also performed by a reference 
methodology based on gas chromatography-mass 
spectrometry with a Shimadzu GC-17A GC coupled to a 
Shimadzu QP5000 GC-MS instrument for the comparison of 
the analytical results. Prior the analysis, VOCs standards and 
breath samples were extracted by solid phase microextraction; 
for that, a 75 µm Carboxen/PDMS fiber (Supelco) was 
introduced on the sampling bulb for 20 min. at the laboratory 
temperature and then the extracts were thermally desorbed in 
the GC injection port at 250 ºC. Then, the VOCs were 
separated on an Equity-1 column (30 m and 0.25 mm i.d., 
Supelco) at 50 kPa which was kept at 60 ºC for 5 min., then 
heated to 200 ºC (at 5 ºC.min-1), and finally maintained at 200 
ºC for 20 min. 

 
III. RESULTS AND DISCUSSION 

Before the analysis of collected breath samples by OF 
sensor and GC-MS as reference methodology, the injection of 
various standards was performed according to the 
concentrations identified on the Table I. The resulting 
calibration curves of the eight tested VOCs were shown in 
Figures 2 and 3, where the linear equations (y = a + bx), the 
coefficients of correlation (R2) and respective p values as well 
as the limit of detection (LOD) calculated as three times the 
residual standard deviation were identified for each alkane 
(Figure 2), and aromatic compound (Figure 3). 
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Fig. 2 Analytical responses obtained by OF sensor for the alkanes 

standards solutions, and corresponding analytical parameters 
 

 
Fig. 3 Analytical responses obtained by OF sensor for the standards 

solutions of aromatic compounds, and corresponding analytical 
parameters. 

 
From Figures 2 and 3, all VOCs demonstrated a high 

linearity due to the high values for the correlation coefficient 
(R2). Low LODs were also found for the eight tested 
compounds in the order of pmol.L-1 and ranging from 0.8 
pmol.L-1 to 9.5 pmol.L-1 for heptane and decane, respectively. 
The LODs from OF sensor were lower than that with GC-MS 
as shown in Table II, which is advantageous for the detection 
of VOCs on breath samples. 

 

TABLE II 
COMPARISON OF THE TWO METHODOLOGIES FOR THE DETECTION OF VOCS 

IN THE 20 BREATH SAMPLES  

VOC 
Mean concentration1 
and LOD (pmol.L-1) 

Comparison between 
the two methodologies 

OF GC-MS R2 p value 
Ethane 314.057 (9.0) 314.365 (14.3) 0.9997 3.11 x 10-33 
Pentane 275.358 (8.5) 274.665 (11.6) 0.9998 7.13 x 10-35 
Heptane 8.337 (0.8) 8.489 (0.8) 0.9925 1.40 x 10-20 
Octane 19.767 (2.0) 19.950 (2.0) 0.9988 8.26 x 10-28 
Decane 201.332 (9.5) 200.139 (14.1) 0.9999 5.91 x 10-36 
Benzene 42.832 (2.8) 43.709 (5.0) 0.9995 6.74 x 10-31 
Toluene 84.369 (2.3) 85.025 (3.4) 0.9991 1.05 x 10-28 
Styrene 14.025 (1.9) 14.425 (3.6) 0.9981 5.50 x 10-26 
1Mean concentration for the 20 breath samples 
 
In Table II, the analytical parameters of the developed OF 

methodology (Figure 1) and the GC-MS as a reference method 
are present, and the two methodologies are found to be 
comparable. A linear correlation was obtained between the 
two methodologies for the eight tested analytes (with R2 
between 0.9925 and 0.9999, and p < 1.40x10-20 and p < 
5.91x10-36, for heptane and decane, respectively), as verified 
in Table II. The OF system also provided narrow intervals at 
95% confidence level, suggesting low dispersion levels of the 
results obtained by referred methodologies. 

Furthermore, there is not a statistically significant 
difference between OF and GC-MS methodologies for the 
determination of the eight VOCs in breath samples, i.e., p 
values are about 0.903, 0.984, 0.914, 0.797, 0.977, 0.715, 
0.797, and 0.756 for ethane, pentane, heptane, octane, decane, 
benzene, toluene, and styrene, respectively. 

From Table II, it was also observed that the alkane with the 
higher average concentration on breath samples was the 
ethane, and the toluene was the most abundant aromatic 
compound on exhaled breath. 

Furthermore, the levels of VOCs recorded in all breath 
samples collected for the healthy subjects are in accordance to 
the normal levels observed in other literature [13]; for 
example, the concentration levels commonly found in healthy 
subjects for heptane, octane, toluene, and styrene are in the 
order of 5.0-15.3 pmol.L-1, 4.0-50.8 pmol.L-1, 58.9-140.0 
pmol.L-1, and 5.3-21.8 pmol.L-1, respectively, which cover the 
average concentration of the VOCs detected from breath 
samples in this work. 

Interference assays in the breath analysis were also 
performed with 2-propanol (which is a disinfectant commonly 
used for the large skin areas of patients) and carbon disulfide 
(which is the solvent of all standards mixture prepared in this 
study) to evaluate the possible application of the developed 
OF sensor for clinical purposes; neither the 2-propanol nor the 
carbon disulfide were interfered with the analytical response 
of the OF sensor. 

IV. CONCLUSION 
Through the obtained analytical results, the developed OF 

sensor provides an adequate analytical performance based on 
the low LODs, linearity, and accuracy for the analysis of the 
tested eight VOCs in breath samples.  
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Such analytical performance was also equivalent with that 
of a reference methodology (GC-MS). In addition, the in-line, 
real-time, low-cost, simple and fast analysis of breath samples 
are the advantages of the developed OF sensor. 

 
ACKNOWLEDGMENT 

This work was funded by FEDER under the Operational 
Program for Competitiveness Factors – COMPETE and by 
national funds via FCT (Fundação para a Ciência e a 
Tecnologia, Portugal) within the framework of the research 
project CARDIOSENSOR (references FCOMP-01-0124-
FEDER-010902 and PTDC/SAU-BEB/099042/2008). This 
work was also funded through scholarships - references 
SFRH/BD/60429/2009, SFRH/BPD/65410/2009, and 
SFRH/BPD/73781/2010 under QREN-POPH funds, co-
financed by the European Social Fund and Portuguese 
National Funds from MCTES. 

REFERENCES   
[1] K.-H. Kim, S.A. Jahan, and E. Kabir, “A review of breath analysis for 

diagnosis of human health”, Trends Anal. Chem., vol. 33, p. 1-8, 2012. 
[2] P.J. Mazzone, “Analysis of volatile organic compounds in the exhaled 

breath for the diagnosis of lung cancer”, J. Thorac. Oncol., vol. 3, p. 
774-780, 2008. 

[3] C. Wang, P. Sahay, “Breath analysis using laser spectroscopic 
techniques: breath biomarkers, spectral fingertips, and detection limits”, 
Sensors, vol. 9, p. 8230-8262, 2009. 

[4] F. Biasoli, C. Yeretzian, T.D. Märk, J. Dewulf, H.V. Langenhove, 
“Direct-injection mass spectrometry adds the time dimension to (B) 
VOC analysis”, Trends Anal. Chem., vol. 30, p. 1003-1017, 2011. 

[5] M. Biniecka, S. Caroli, “Analytical methods for the quantification of 
volatile aromatic compounds”, Trends Anal. Chem., vol. 30, p. 1756-
1770, 2011. 

[6] J. Luo, J. Luo, L. Wang, X. Shi, J. Yin, E. Crew, S. Lu, L.M. 
Lesperance, C.-J. Zhong, “Nanoparticle-structured thin film sensor 
arrays for breath sensing”, Sens. Actuators B, vol. 161, p. 845-854, 2012. 

[7] G. Magma, M. Santonico, A. Catini, R. Capuano, C. Di Natale, A. 
D’Amico, R. Paolesse, L. Tortora, “Detection of bretah alcohol 
concentrations using a gas sensor array”, Lect. Notes Electr. Eng., vol. 
109, p. 127-132. 

[8] F.D.P. Ferreira, L.I.B. Silva, A.C. Freitas, T.A.P. Rocha-Santos, A.C. 
Duarte, “High performance liquid chromatography coupled to an optical 
fiber detector coated with laccase for screening catecholamines in 
plasma and urine”, J. Chrom. A, vol. 1216, p. 7049-7054, 2009. 

[9] L.I.B. Silva, F.D.P. Ferreira, A.C. Freitas, T.A.P. Rocha-Santos, A.C. 
Duarte, “Optical fiber biosensor coupled to chromatographic separation 
for screening of dopamine, norepinephrine and epinephrine in human 
urine and plasma”, Talanta, vol. 80, p. 853-857, 2009. 

[10] L.I.B. Silva, T.A.P. Rocha-Santos, A.C. Duarte, “Comparison of a gas 
chromatography-optical fibre (GC-OF) detector with a gas 
chromatography-flame ionization detector (GC-FID) for determination 
of alcoholic compounds in industrial atmospheres”, Talanta, vol. 76, p. 
395-399, 2008. 

[11] L.I.B. Silva, T.A.P. Rocha-Santos, A.C. Duarte, “Remote optical fibre 
microsensor for monitoring BTEX in confined industrial atmospheres”, 
Talanta, vol. 78, p. 548-552, 2009. 

[12] C.I.L. Justino, T.A. Rocha-Santos, A.C. Duarte, “Review of analytical 
figures of merit of sensors and biosensors in clinical applications”, TrAC 
Trends Anal. Chem., vol. 29, 1172-1183, 2010. 

[13] D. Poli, P. Carbognani, M. Corradi, M. Goldoni, O. Acampa, B. Balbi, 
L. Bianchi, M. Rusca, A. Mutti, “Exhaled volatile organic compounds in 
patients with non-small cell lung cancer: cross sectional and nested 
short-term follow-up study”, Respir. Res., vol. 6:71, 2005. 


