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Abstract

Objectives: Benzene is commonly emitted in several industries, leading to widespread environmental and occupational
exposure hazards. While less toxic solvents have been substituted for benzene, it is still a component of petroleum products
and is a trace impurity in industrial products resulting in continued higher occupational exposures in industrial settings in
developing countries. Materials and Methods: We investigated the potential use of an electronic nose (e-nose) to monitor
the headspace volatiles in biological samples from benzene-exposed Egyptian workers and non-exposed controls. The study
population comprised 150 non-smoking male workers exposed to benzene and an equal number of matching non-exposed
controls. We determined biomarkers of benzene used to estimate exposure and risk including: benzene in exhaled air and
blood; and its urinary metabolites such as phenol and muconic acid using gas chromatography technique and a portable
e-nose. Results: The average benzene concentration measured in the ambient air of the workplace of all studied indus-
trial settings in Alexandria, Egypt; was 97.56+88.12 ug/m’® (range: 4.69-260.86 ug/m?). Levels of phenol and muconic acid
were significantly (p < 0.001) higher in both blood and urine of benzene-exposed workers as compared to non-exposed
controls. Conclusions: The e-nose technology has successfully classified and distinguished benzene-exposed workers from
non-exposed controls for all measured samples of blood, urine and the exhaled air with a very high degree of precision.
Thus, it will be a very useful tool for the low-cost mass screening and early detection of health hazards associated with the
exposure to benzene in the industry.
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INTRODUCTION

Benzene, a major monocyclic aromatic hydrocarbon, is
still a component of petroleum products and is a trace
impurity in a variety of industrial and commercial pro-
cesses in the manufacturing of lubricants, detergents, rub-
ber, dyes and pesticides [1,2]. The exposure of workers to
benzene occurs through inhalation and/or absorption via
the skin [2]. Benzene is metabolized in the human body
to phenols, which can be detected in the urine of exposed
workers [3].

According to the American Conference of Governmental
Industrial Hygienists (ACGIH), the maximum assigned
threshold limit value of benzene, as a time-weighed av-
erage concentration, in a normal 8-hour workday and
a 40-hour workweek is 30 mg/m®. Acute exposure to ben-
zene can cause dizziness, euphoria, giddiness, headache,
nausea, staggering gait, weakness, drowsiness, respira-
tory and gastrointestinal irritation, pulmonary edema and
pneumonia, convulsions and paralysis [2,4]. Benzene can
also cause irritation to the skin, eyes and mucous mem-
branes. Moreover, chronic exposure to benzene can cause
fatigue, nervousness, irritability, blurred vision, and la-
bored breathing. Repeated skin contact can cause redness,
blistering, and scaly dermatitis [2,4,5].

Recent studies showed significant hematological disor-
ders, chromosomal aberrations as well as relatively high
concentration of phenol in 24-hour urine samples due to
exposure to benzene in chemical industry workers [4-7].
Furthermore, blood disorders may lead to anemia and
other diseases causing a significant reduction in working
capacity and activity of workers, loss of working hours, and
the increase in the costs of medical care of the affected
workers [4].

Recently, there has been an increasing interest in the de-
velopment of Electronic Nose (e-nose) technology, which
is an electronic instrument capable of detecting and rec-
ognizing many gaseous vapors and odors [8]. In an e-nose
there are three components: a) a sampling conditioning
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unit used to collect samples of air containing the odor-
iferous volatiles from the headspace above the sample;
b) a test chamber housing the sensor array; and c) a pro-
cessing unit which analyzes the sensor response patterns
using various feature extraction and classification statisti-
cal algorithms [8-10].

The objectives of the present study were to investigate
the potential use of an e-nose to monitor the headspace
volatiles in biological samples from benzene-exposed
Egyptian workers and non-exposed controls and to in-
vestigate causes of these odors in relation to their bio-
chemical parameters by conventional chemical analysis
techniques.

SUBJECTS AND METHODS

Subjects

Adult non-smoking male workers in printing, textile and
petrochemical industries exposed to benzene in Alexan-
dria, Egypt (N = 150, age range: 24-60 years, and mean
age +SD: 34.12+4.35 years), as well as sex- and age-
matched non-smoking non-exposed controls (N = 150,
age range: 24-59 and mean age *+SD: 33.91+3.75 years)
were asked to freely volunteer to participate in the study.
All participants were instructed about the study aim, pro-
cedures and benefits and asked to sign informed consent
prior to their inclusion in the study. All participants were
subjected to complete history taking and thorough physi-
cal examination by expert physicians at the Internal Med-
icine Department, Medical Research Institute, Alexan-
dria University, Egypt to determine their occupational
history, food and smoking habits, and health status. The
conditions of their work environment, working time and
work shift were also recorded. The Ethics Committee of
the Medical Research Institute, Alexandria University;
approved the study protocol and all experimental pro-
cedures are in accordance with the Helsinki Declaration
of 1975, as revised in 1983.
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METHODS

Sampling technique

Blood, 1-2-hour urine fraction and exhaled air samples
were collected after a working shift of 8-hours from all
participants into disposable plastic tubes/containers in
triplicates at the Chemical Pathology Department, Medi-
cal Research Institute, Alexandria University, Egypt.
A single investigator, who was unaware of the individu-
als” health status or diagnosis, collected samples randomly
for subsequent measurements. A simple technique was
modified for collecting mouth-exhaled air samples from
all participants into disposable sterile plastic sacks with
a tight closing seal. All subjects were instructed to take
a deep breath through the nose and blow once to fill a sack
through the mouth by using a one-way valve, as detailed in
an earlier study [11].

Gas Chromatography (GC) analysis

The concentrations of benzene, phenol and muconic
acid in fresh blood and urine samples of all participants
were analyzed. The first container samples of both stud-
ied groups were analyzed using a gas chromatograph
(Auto System XL, Perkin Elmer, USA). Ten milliliters
of the headspace of each sealed tube was aspired using
a gas tight syringe and injected immediately into the GC,
where oven temperature was kept at 29°C for 2 min and
then programmed to increase to 56°C at 5°C increments.
The injector and detector temperatures were set at 180°C
and 200°C, respectively. H, and N, were set at 45 cm/s flow
rates and areas under peaks were calculated using the
driving software. Reference standard of benzene was pre-
pared and measured to calculate benzene concentration in
each sample [12,13].

E-Nose analysis

The second container samples were analyzed at
the Medical Biophysics Department, Medical Re-
search Institute, Alexandria University, Egypt, using

a commercially available portable e-nose (PEN3, Air-
sense Analytics GmbH, Schwerin, Germany) with an ar-
ray of 10 different metal-oxide sensors that measure in-
dependently and register continuously relative changes in
conductance due to a vapor or odor during an experiment.
Odors in the headspace (i.e. the space over blood or urine
samples and exhaled air in sacks) of each sealed container
were carried by the carrier gas (e.g. dry air) to the array of
sensors through the inlet at a rate of 400 ml/min. Solenoid
valves alternately switched the pure carrier gas and the
headspace sample vapor, and the differences in the sensor
output were recorded.

Following a 50 s flushing time and a 10 s zero point trim
time periods each, sealed container was connected subse-
quently to the e-nose inlet through a teflon tubing (3 mm
internal diameter) connected to a long luer-lock needle
(size 20G) perforating the seal of the container, for a 60 s
measurement period. A second short needle also perfo-
rating the seal was used to connect the container to room
air. During the flushing period, sensors were rinsed with
zero-gas and their signals moved back to the baseline (G/
G, = 1). The software interacts with the user by display-
ing the correct time points to connect and disconnect the
sample to and from the e-nose inlet. All measurements
were repeated twice and sensor response patterns were ex-
tracted manually and further analyzed at the same point of
time (i.e. at 45 s, when patterns were stable in the plateau
region) using specific software package WinMuster 1.6.2
provided by the manufacturer (Airsense Analytics GmbH,
Schwerin, Germany).

Data analysis

The Principal Component Analysis (PCA) analyzed all
e-nose sensor response patterns, which is an orthogonal
linear and unsupervised multivariate statistical method
that reduces the dimensionality of data from the 10 sen-
sor patterns to a two-dimensional coordinate system. That
is, for any projection of these data, the first two principal
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components with the highest variance (i.e. principal com-
ponent #1 and #2) are set automatically by the software
on the X-Y coordinates, which gives rise to a cluster plot
representing the original data. PCA is theoretically the
optimum transform for given data in least square terms
[14-16].

Analyses of all data were carried out using the sta-
tistical software package StatView® 5.0 (SAS Inst,
Cary, NC, USA). Descriptive statistics were calculated for
the mean *SD of physical and chemical measurements
of biological samples of all participants using chemical
analysis techniques. Mean parameter values of benzene-
exposed and non-exposed control groups were compared
using two-tailed Student’s t-test of significance. Diffe-
rences were considered significant at p < (.05.

RESULTS

The average benzene concentration measured in the
ambient air of the workplace of all studied industrial
settings in Alexandria, Egypt; was 97.56+88.12 ug/m’
(range: 4.69-260.86 ug/m?). These levels are in accordance
with values measured for similar industrial settings in an
earlier study [17]. Exposure to benzene in the workplace
was found to be directly proportional to e-nose average
relative 10-sensor responses (G/G,) for all urine samples
of exposed workers, that is lower levels of benzene concen-
trations in the workplace, as 4.69 ug/m’, were associated
with lower sensor responses, as those shown in Figure 1a.
At the same time, higher levels of benzene concentra-
tions in the workplace, as 260.86 ug/m®, were associated
with much higher relative e-nose sensor responses of their
urine samples, as those shown in Figure 1b.

The influence of benzene exposure in industry was deter-
mined in blood for all studied workers as well as in the
urinary excretion of phenol and muconic acid, two com-
mon metabolites of benzene in human subjects. The full
physical and chemical characteristics of blood and urine
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Relative sensor responses were found to be directly proportional to
worker’s exposure to benzene as estimated by its phenol and muconic
acid metabolites determined using Gas Chromatography Technique.

Fig. 1. Typical 10-sensor relative responses (G/G,) of an e-nose
measurement time-plot for: a) a urine sample of a worker
exposed to benzene at a low concentration of 4.69 ug/m® and
b) a urine sample of a worker exposed to benzene at a high
concentration of 260.86 pug/m?

samples for all participants are detailed in Table 1. Al-
though benzene was not detected in any of the blood
samples from both groups or in the urine samples of non-
exposed controls, it was only detected in the urine of ben-
zene-exposed workers; however, phenol and muconic acid
were present in significantly higher amounts (p < 0.001) in
both the blood and urine of benzene-exposed workers as
compared to non-exposed controls.
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Table 1. Descriptive and biochemical parameters of benzene-exposed male workers as compared to non-exposed controls

Studied groups
Parameters
benzene-exposed non-exposed controls

Respondents (n) 150 150
Age (year) 34.12+4.35 33.91£3.75
Weight (kg) 84.25+13.77 78.01£18.82
Height (m) 1.720.05 1.73£0.07
Body Mass Index 31.28+4.13 31.51£6.24
Benzene in blood (ng/l) ND ND
Benzene in urine (ng/l) 47.56+5.66 ND
Phenol in blood (mg/l) 6.08+1.13" 0.22+0.02
Phenol in urine (mg/g creatinine) 0.420.07 0.07=0.01
Muconic acid in blood (mg/l) 1.17£0.14° 0.02+0.01
Muconic acid in urine (mg/g creatinine) 0.95+0.13" 0.06=0.01

ND - not detectable.
Values are expressed as mean *SD.
*p< 0.001 as compared to non-exposed control group.

Figure 2 is a typical cluster plot by PCA of exhaled air sam-
ple measurements using e-nose for benzene-exposed work-
ers and non-exposed controls, where both principal compo-
nents #1 and #2 explained more than 87% of the variance
in signals. A clear distinction between both groups is evi-
dent, meaning the e-nose was capable of identifying sam-
ples from each group with no false-positive (non-exposed
controls) or false-negative (benzene-exposed) results. This
lends support to the fact that the volatiles found in the air
exhaled by workers exposed to benzene are significantly dif-
ferent from those for non-exposed controls. Similar cluster
plots by PCA of blood and urine samples for benzene-ex-
posed and non-exposed controls are also shown in Figures 3
and 4, yet with higher explanation of the variance in signals
(i.e. 95% for blood samples and 91% for urine samples,
respectively). Regression analysis showed a very high sig-
nificant correlation between phenol in both blood and urine
of exposed workers and average e-nose relative sensor re-
sponses (R = 0.99 and 0.96, respectively; p < 0.001 for
both associations). Even higher statistically significant cor-
relations were found to occur between muconic acid levels

in both blood and urine of exposed workers, and average
e-nose sensor responses (R = 0.99 and 0.98, respectively;
p < 0.001 for both associations).
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Fig. 2. Plot of principal component #1 against principal
component #2 for an electronic nose provided with an array
of 10 metal-oxide sensors when applied to exhaled air samples
from male workers exposed to benzene and non-exposed
controls
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Fig. 3. Plot of principal component #1 against principal
component #2 for an electronic nose provided with an array
of 10 metal-oxide sensors when applied to head space

of blood samples from male workers exposed to benzene
and non-exposed controls

DISCUSSION

Benzene is commonly emitted in several industrial set-
tings, leading to widespread environmental and occupa-
tional exposure hazards. While less toxic solvents have
been substituted for benzene, it is still a component of pe-
troleum products and is a trace impurity in many industrial
products resulting in continued sub- to low-occupational
exposures, though higher exposures occur in industrial
settings of developing countries [1,2,17,18]. Under condi-
tions prevailing at the workplace, benzene is absorbed by
inhalation, although dermal absorption of liquid benzene
is also significant [2]. Benzene metabolism has been ex-
tensively studied in various animal models, in vitro incuba-
tions, and by theoretical calculations [2-7], with evidences
that it is impossible to distinguish between occupational
and environmental exposure when the benzene level in
the workplace is less than 100 ug/m? [19].

Approximately one-third of retained benzene is excreted
rapidly in urine as conjugate phenol and dihydroxy phe-
nols [18,19], while the remainder is further degraded to be
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Fig. 4. Plot of principal component #1 against principal
component #2 for electronic nose provided with an array

of 10 metal-oxide sensors when applied to head space

of urine samples from male workers exposed to benzene

and non-exposed controls

incorporated in tissues or exhaled as CO, [20]. These obser-
vations are in line with findings of the present study, where
both phenol and muconic acid were present in the blood and
urine of Egyptian workers exposed to benzene in significant
amounts as compared to non-exposed controls (Table 1).
The relative contribution of each benzene metabolite to the ad-
verse health effects of benzene, both alone and in various com-
binations is still a subject of some debate [18]. Several studies
have shown that benzene metabolites related to muconic acid
and hydroquinone are more genotoxic than phenol or com-
pounds related to catechol [3,21,22]. In particular, growing evi-
dence suggests that metabolites derived from hydroquinone,
including 1,2,4-benzenetriol and particularly 1,4-benzoqui-
none, are highly toxic [3]; however, other studies have shown
synergistic effects between combinations of hydroquinone and
other metabolites, including phenol and catechol [22].

The recent availability of commercial e-nose technology
for detecting and characterizing headspace odors has pro-
vided a fast viable technique that may successfully replace
laboratory-based conventional methods for detecting blood
in the urine of nephropathic individuals, monitoring and
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classifying metabolic clearance and the insurgence of ne-
phropathy in type 2 diabetic patients, and for qualitatively
evaluating the components of odor of urine [23-25]. It has
shown also potentials for diagnosing chronic rhinosinusitis
by examining patients’ nose-exhaled air samples [11].

The average e-nose relative 10-sensor responses for all
urine samples of exposed Egyptian workers were directly
proportional to benzene concentration in the workplace;
lower levels of benzene concentrations were associated
with lower e-nose sensor responses, while higher levels
were associated with much higher e-nose relative sensor
responses to their urine samples (Figure 1a and b). Phenol
and muconic acid present in the blood and urine of ben-
zene-exposed workers at higher levels as compared to the
levels prevailing in non-exposed controls were responsible
for the marked distinction shown in the PCA cluster plots
of exhaled-air, blood and urine sample measurements by e-
nose (Fig. 2-4); this deduction was supported by regression
analysis, which showed a very high significant correlation
between phenol and muconic acid in both blood and urine
of benzene-exposed workers and average e-nose relative
sensor responses. These observations are in line with recent
findings by Rappaport et at. [26], who showed noticeable
metabolism of benzene to phenol and muconic acid at ben-
zene concentrations in the air below 0.3 mg/m?®.

The e-nose classified and identified correctly all biologi-
cal samples from each group with no false-positive (non-
exposed controls) or false-negative (benzene-exposed)
results, which can form a precise reference database for
the purpose of further identification of unknown exposed
workers. Although the analysis of phenol and muconic
acid in exhaled air samples using standard GC technique
could not be done, the results of PCA cluster analysis by
e-nose differentiating exposed workers from non-exposed
controls in Figure 2 were identical to those obtained for
blood and urine samples (Figures 3 and 4, respectively),
and it seems reasonable to assume that e-nose method
outweighs the GC technique in many ways. The e-nose

technique is rapid, easy, does not require any sample
treatment or heating, and its sensitivity is similar to that
of GC quantitative technique.

Thus, the e-nose technology represents a very useful tool
for the low-cost mass screening and early detection of
health hazards associated with the exposure to benzene in
the industry. This will enable treating confirmed benzene-
exposed workers with related pathologies quickly using
standard methods prior to the aggravation of their health
status. The social and financial rewards of such test are im-
measurable, since it will prevent the reduction of employ-
ee work efficiency attributable to adverse health effects of
benzene exposure, and the costs of worker absenteeism
and medical treatment.

The e-nose technology successfully classified and identi-
fied workers exposed to benzene from non-exposed con-
trols with no false-positive or false-negative results for all
measured exhaled air, blood and urine samples to a very
high degree of precision. Thus, it will be a very useful tool
for the low-cost mass screening and early detection of
health hazards associated with the exposure to benzene in
the industry according to the data.
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