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Abstract

The increased awareness of the hazardous effects of polycyclic aromatic hydrocarbons
(PAHSs) has been the target of several studies in the current literature. PAHs are a group
of organic molecules derived from petroleum that contains from two to seven aromatic
rings in their structure that have been largely emitted to the environment from natural
but especially anthropogenic sources. In this research, we reviewed the main aspects
concerning the effects of PAHs in the environment with a special focus on the biosensing
platforms recently developed to detect these pollutants. Herein, we reported the use of
biosensors as an alternative to the expensive, time-consuming and laborious traditional
techniques commonly employed to detect PAHs. Most of the examined literature referred
to the use of antibodies and DNA as biological elements to fabricate the sensors, and the
electrochemical and optical mechanisms comprised the preferred transduction techniques
for this purpose.Among the 16 PAHs present in the priority list established by the United
States Environmental Protection Agency (US EPA) with respect to the toxicity and
abundance, B[a]P was the pollutant most studied by researchers in the field of biosensors,
who found limits of detection in the order of micro molar. Overall, the reviewed biosensors
presented significant promise for the reliable, selective and sensitive detection of PAHs in
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Introduction

The exponential population growth and the consequent accelerated
industrial development have contributed even more in the past decades
to put petroleum as a major source of energy worldwide. Contrary to
the contribution of the oil to the economic and social development,
though, the occurrence of ecosystem contamination has been a serious
concern mainly because it results into a potential risk to public health
as well as to biodiversity of flora and fauna.'? Several activities related
to petroleum exploiting (i.g. transport, refining, storing and use at sea
and/or land) can lead to the contamination of water, air and soil in
cases of unintentional or operational incidents.* According to Zaki
et al.* approximately 35 million barrels of petroleum are transported
annually in the world, posing the aquatic environment in risk due to the
possibility of oil spill accidents. The authors reported that, from 1990
to 2001, more than two hundred accidents were registered involving
the transport of oil by ships. Amongst important constituents of
petroleum like alkanes and alkenes, polycyclic aromatic hydrocarbons
(PAHs) have merited special global attention for posing great threat to
humans’ and environmental health as well as for the ubiquity of these
contaminants sources.’

PAHs comprise a group of thousands of organic compounds
containing 2—7 fused aromatic rings in different configurations,
originated from both natural and anthropogenic activities and which
occurs in the ecosystem as colorless, white or pale yellow solids.®’
Usually, PAHs mainly arise from natural incomplete combustion
processes in forests and brush fires or from combustion sources

provoked by human action, entering the soil, water and air as a
harm contaminant. Accordingly, due to the large abundance of
these compounds in the environment, researches have devoted
great attention towards the development of analytical methods for
the detection of PAHs.® The group of conventional assays for PAHs
detection include liquid chromatography with fluorescence detection,
gas chromatography, high-performance liquid chromatography and
mass spectrometry.’ In this regard, Hahm et al.’ enlist two important
negative aspects of the chromatography: the longtime required for
sample preparation and the incompatibility of the hydrocarbons with
the chromatographic column. Behera et al.' confirm the difficulty
in preparing the samples as a major issue in using aforementioned
techniques for detecting PAHs, mainly because of the volatility and
lipophilic nature of these compounds that can alter their integrity
from the collection to the analysis. Moreover, the researchers cite the
unitary cost of each assay and the high expertise required to perform
the detection as other disadvantages of the conventional methods.
For a simple, quick, cost-effective and in sifu detection of PAHs in
their various possibilities of environments, Behera et al.!” mention
the biosensors as promising candidates to overcome the limitations
of the current assays. Biosensors belong to a category of analytical
devices that are capable to provide a measurable output signal by
means of the recognition of a particular substance of interest by a
biological unit of recognition (probe). The selective biochemical
interaction between the probe and the analyte generates a signal that
is converted by a transducer element in the device. The magnitude
of the output signal is proportional to the analyte concentration and
can be interpreted to infer about the biosensor’s limit of detection
(LOD), selectivity and linearity." In our previous publications,! '3
we have reported that the probe is one of the main components in
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the biosensor configuration because it can provide, especially, great
selectivity to the device. Antibodies, antigens, enzymes, whole cells,
organelles, microorganisms, tissues, etc. are the main examples of
biological elements used in the development of biosensors aiming to
achieve high levels of sensitivity and selectivity towards the analytes
of interest.!" Accordingly and inspired by the promising features of
biosensors, the purpose of this research was to review the current
scientific contributions on the topic of biosensing platforms for
detection and quantification of PAHs in the environment.

Environmental impact and health effects of
hydrocarbons

Due to the moderate solubility and the facility to be absorbed by
soil particles, Wang et al."* point the soil as the major reservoir for
PAHs in the ecosystem (it is estimated that 90% of total residues
are found in the soil). However, several studies are also devoted to
the presence of PAHs in aquatic environments due to the risk they

Table | Sixteen priority PAHs enlisted by US EPA
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represent to the marine fauna and flora.*'*'¢ In this regard, Zhang
et al.'” discussed the effect of PAHs in living organisms due to the
contamination of soil and water, highlighting the leaf injuries in plants,
the negative impact on photosynthesis and biomass production as well
as their toxic effects on animals. The PAHs hazard to environment
and to humans’ health lies on their great abundance and high toxicity.
Since the main source of PAHs are the anthropogenic activities, the
highest levels of the pollutants in the air occur in big urban centers
with high industrial activity and pose great risk to human life. Over
the past twenty years, for instance, the concentration of B[a]P was
approximately equal to 0.3 ng.m? in Houston (USA), 0.6 ng.m?
in London (United Kingdom), 9.3 ng.m? in Lahore (Pakistan) and
11 ng.m3 in Santiago (Chile)."® The United States Environmental
Protection Agency (US EPA) classified 16 priority PAHs (Table 1)
with respect to their potential risk to humans’ health. Zelinkova &
WenzI" pointed out that this list does not set up the compounds only
by the toxicity but it also prioritizes their frequency of occurrence and
potential for human exposure.

PAH Molecular formula ~ Molecular weight (g.mol") Chemical structure

Naphtalene C,Hg 128.2 “
Acenaphthylene C.H, 1522 ‘
Acenaphthene CH, 154.2 ‘

Fluorene C.H, 166.2 ~
Anthracene C.H, 178.2 ~
Phenanthrene C.H, 178.2 a
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PAH

Molecular formula

Molecular weight (g.mol"')

Chemical structure

Fluoranthene

Pyrene

Chrysene

Benz[a]anthracene

Benzo[b]fluoranthene,

Benzo[k]fluoranthene

e’ '10

16" '10

18" 12

18" 12

20 12

20 12

2023

2023

2283

2283

252.3

2523

838,98
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PAH Molecular formula  Molecular weight (g.mol™") Chemical structure

B[a]P CeHp, 2523
Indeno[1,2,3-cd]pyrene C,H, 2763
Benzo[gh,i]-perylene C,H, 276.3
Dibenz[a,h]anthracene C,H, 278.4 ”

Carcinogenic effect of PAHs arises from their capability to bind
to DNA.?° The exposure to the pollutants occurs via the ingestion of
contaminated food and water, inhalation, contact with the skin and
mucosal accesses and by smoking cigarettes.'®*! The severity of the
exposure to PAHs depends on the exact length of exposure time, the
concentration of the pollutant, the route of absorption in the body
and pre-disposition to some diseases related to health conditions and
age. In general, short and long-term exposures to PAHs can causes
from softer symptoms like allergic responses, diarrhea, nausea and
vomiting up to carcinogenic, teratogenic and mutagenic problems.'
US EPA adapted a methodology for estimating the toxicity
equivalency fact (TEF) in order to inspect the health effects of PAHs.
In this method, one compares the toxicity of a certain PAH to B[a]
P, which is a compound whose carcinogenic properties are widely
studied as a reference. Thus, the toxicity potential of a studied PAH is
the product between its concentration and the estimated TEF value. In
air samples for instance, in which the PAHs are present as a mixture,
the global toxicity is the sum of the individual contributions of each
PAH compound.” According to the International Agency for Research

on Cancer (IARC),”? the PAHs can be categorized into probably
carcinogen (2A) and possibly carcinogen (2B) with respect to their
toxic potential. Bolden et al.*! reported that the exposure to PAH
also implicates in reproductive disorders. By reviewing extensive
literature on this domain, the authors related the influence of PAHs
on the estrogen and androgen receptors as well as the influence of
these pollutants on pregnancy/fetal viability. A neglected issue in the
general impact of hydrocarbons is the food contamination. Purcaro et
al.” highlight that this kind of contamination represents an important
risk to humans’ health because it can occurs at any stage of the food
production, because the regulation on this topic is still fragile and
even due to the difficulty to predict the source of the contaminant.
The authors cite that mineral oil hydrocarbons enter food products by
air in case of volatile compounds, in aquatic environments, through
industrial processing (due to the use of food grade mineral oils like
some lubricants, protective food coatings and some additives) and
harvesting by machines or even during the contact with packaging.
Ledesma et al.** studied the effect of the smoking process of meat
products as a source of carcinogenic PAH. In their report, they explain
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that the mechanism of PAH formation in the smoking process arises
from the biomass pyrolysis. During the combustion process, PAHs
are formed as tertiary tar products above 750°C, whose aerosol pass
through the smoking chamber and goes towards the meat. In their
study, Fasano et al.® found that fluoranthene and pyrene, which are
harmless low molecular weight compounds, represented the major
fraction of PAHs contamination in some traditional Spanish food. The
authors considered the presence of total PAHs at 3.4 ug.kg! in Pan
de Cea bread as negligible and that it does not represent a risk to
the health. In meat sausage and cheese, the presence of PAHs was
approximately 100% in the casing and rind respectively. The higher
levels of carcinogenic PAH, though, was detected in Pimenton de la
Vera paprika, but the authors assume that is not a severe risk to the
health once paprika is a non-frequent condiment in people’s diet and
it is consumed in small amounts.
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Biosensors for PAHs detection

Since the regulation on the PAHs domain mainly refers to the
concentration of the compounds that poses risk to human’s health and
to the ecosystem, researchers on the topic of analytical methods have
been greatly motivated to develop biosensing platforms for detecting
and quantifying the PAHs.'® The classification of biosensors is based on
the type of the transduction mechanism (i.g. optical, electrochemical
and piezoelectric) or on the type of the biological element of
recognition used as a probe (i.g. antibodies, enzymes and DNA).!
As a strategy to achieve highly sensitive and selective biosensors,
researchers have worked on combining different transducer/probe
pairs to detect PAHs in the environment. Table 2 summarizes the
achievements of some literature on biosensors developed for the
detection of important PAHs by means of various combinations of

probes and transduction mechanisms.?*=!
Table 2 Biosensors reported in the recent literature for the detection of PAHs
. Transduction
Analyte Probe Environment technique LOD [nM] Reference
Naphtalene Acmett?bacter ADPWH_ Groundwater and soil  Bioluminescence 0.10 26
Nah bioreporter
B[a]P Ant.l-B[a]P monoclonal River water Capacitance measu- 3.96 x 10° 27
antibody rement
B[a]P DNA/hemin/nafion—gra- Water Differential Pulse oIl 28
phene Voltammetry
B[a]P DNA/Ant.l-B[a]P mono- Cigarette Bapld fluorescence |27 29
clonal antibody immunoassay
Real-time Immuno-
Pyrene and homolo-  Biotinylated reporter Mineral, tap and river ) 4
gous PAHs DNA waters polymerase chain 4.50 x 10 30
reaction
Phenanthrene Anti-phenanthrene mo- Tap and river waters Amperometry 1.40 x 10° 31

noclonal antibody

Regarding the advantageous capability of biosensors in providing
high levels of sensitivity and selectivity, Beloglazola et al.”” compared
the use of a molecularly imprinted polymer and a monoclonal
antibody as probes to detect B[a]P. In their findings, the biological
probe was demonstrated to be more sensitive (about a thousand
times). Furthermore, the authors also compared the performance of
the anti-B[a]P antibodies in their capacitive immunosensor and in an
ELISA reference method. Their results revealed a similar selectivity
towards the studied PAH and a higher sensitivity of the capacitive
immunosensor (1 ng.L"') in comparison to the ELISA technique
(20 ng.L"). Sun et al.? selectively detected naphthalene within 1h
at various concentrations and verified very low or even null ratios
between the optical signal derived from naphthalene recognition and
those from toluene, anthracene, pyrene and phenanthrene. The results
presented in Table 2 show the variety of environments in which the
PAH can be found, revealing a special trend to performing the detection
in aqueous media. Electrochemical and optical techniques have been
the most employed transduction methods in this context. According to
Fiel et al." the electrochemical transduction mode comprises a group
of techniques capable to offer, besides the advantageous low LOD as
shown in Table 2, other important characteristics for the development
of an analytical method for PAHs detection, such as high accuracy,
reliability, simplicity, and cost-effectiveness. On the other hand,
Damborsky et al.’? highlight in the optical biosensors their small
sizes leading to the possibility of fabricating portable devices that
enables real-time measurements. In contrast to the abovementioned
advantages of the biosensors, Behera et al.'® also pointed out some

controversial shortcomings referring to the use of immunoassays as
analytical methods. According to them, some immunoassays are less
sensitive than traditional gas chromatography coupled with mass
spectrometry, for example, and can lead to some misinterpretation.
Since some antibodies are capable to recognize certain functional
groups in the chemical molecules, the similarity among different
PAHs can cause the development of analytical signal due to the cross-
reactivity events, leading to the emergence of false positive results.

Conclusion

PAHs are important persistent pollutants present in the
environment. Despite the variety of natural sources, the anthropogenic
activity remains the greatest cause of PAHs emissions to the air, water
and soil, posing severe risks to humans’ health and to the life in the
nature. In light of the challenging monitoring and regulation of PAHs
in different ecosystems, various techniques have been employed to
detect the presence and the quantity of these pollutants. However,
the development of analytical methods for detecting PAHs faces
a particular challenge: the plural sources in which these pollutants
can be found in the environment, hindering not exclusively the
identification of major sources of the organic pollutants but also the
implementation of regulatory activities on environment monitoring.
Moreover, traditional analytical methods currently available for this
purpose are limited with respect to their cost, the time to perform
the detection besides being considered very sophisticated. Thus, the
introduction of the biosensors technology have been widely considered
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in the last years as an alternative to conventional techniques like
chromatography and mass spectrometry. Biosensors combine the high
selectivity of biological elements of recognition to the sensitivity of
transduction substrates to recognize analytes for various applications.
In the case of PAHs detection, DNA and antibodies have been the
most employed probes and electrochemical and optical assays figured
amongst the most used transduction techniques. The literature on
this topic have shown very low LODs, selective response towards
certain PAHs and the possibility of performing rapid or even real-time
measurements in situ. Overall, these promising characteristics set the
biosensing platforms as powerful tools to assist in the monitoring of
ecosystems, although the state the art on this domain still need to be
further exploited.*
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