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� Cutting-edge technologies in
biosensor fabrication for the detec-
tion of pollutants.

� Printed sensors, nanomaterials,
nanomotors, biomimetic design, lab
on a chip are described.

� Futuristic cross-cutting technologies
for innovative aspects of (bio)sensors
are reported.
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a b s t r a c t

Through the years, scientists have developed cutting-edge technologies to make (bio)sensors more
convenient for environmental analytical purposes. Technological advancements in the fields of material
science, rational design, microfluidics, and sensor printing, have radically shaped biosensor technology,
which is even more evident in the continuous development of sensing systems for the monitoring of
hazardous chemicals. These efforts will be crucial in solving some of the problems constraining bio-
sensors to reach real environmental applications, such as continuous analyses in field by means of multi-
analyte portable devices. This review (with 203 refs.) covers the progress between 2010 and 2015 in the
field of technologies enabling biosensor applications in environmental analysis, including i) printing
technology, ii) nanomaterial technology, iii) nanomotors, iv) biomimetic design, and (v) microfluidics.
Next section describes futuristic cutting-edge technologies that are gaining momentum in recent years,
which furnish highly innovative aspects to biosensing devices.
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1. Introduction

In the last decades, due the industrial globalization and the rise
in population, the increasing amount of hazardous compounds that
have high impact on human wellbeing and environmental health
have been of increasing concern. These chemicals include heavy
metal ions, pesticides, phenolic compounds, xenobiotics, and hy-
drocarbons to name a few. Over the past century, they have been
widely disseminated into the environment and some of them have
never undergone safety testing, and a minimal assessment has
been provided on their potential toxicity or the possible synergistic
effects of simultaneous exposures to multiple chemicals [1,2].

Among these chemicals, emerging substances have received a
huge attention because of their increasing presence in the envi-
ronment, their potential threats to environmental ecosystems, and
the absence of routine monitoring programmes at the European
level. Due to their high relevance, these substances have been
identified by the NORMAN Group (Network of reference labora-
tories, research centres and related organizations for monitoring
emerging environmental substances) and enclosed in a list of pri-
ority substances, whose latest update was provided on February
2016 [3]. Emerging substances encompass a miscellaneous group of
compounds, including pharmaceuticals and personal-care prod-
ucts, drugs of abuse and their metabolites, steroids and hormones,
endocrine-disrupting compounds, surfactants, perfluorinated
compounds, phosphate ester flame retardants, industrial additives
and agents (e.g. benzotriazoles and benzothiazoles), siloxanes,
artificial sweeteners, biocides, polar pesticides and their degrada-
tion products, and gasoline additives [4].

For these reasons, important pollution issues persist for several
countries considering that the hazardous compounds represent an
important risk for environmental and human health, food security,
and ecosystem resilience. For example, the veterinary use of
diclofenac, a human pharmaceutical used for anti-inflammatory
treatment, has been found to be responsible for the massive
decline in populations of vulture species in certain areas of Asia;
ethinyl estradiol, an active ingredient of contraceptive pills, has
been associated with endocrine disruption in fish; lastly, the long-
term exposure to antibiotics, used in human and veterinary med-
icine, may contribute to the selection of resistant bacteria in the
environment which may have significant implications for human
health [5].

Moreover, environmental pollution is nowadays recognized as a
major cause of illness and mortality in both developed and devel-
oping countries, being responsible for 8.9 million deaths around
theworld each year according to theWorld Health Organization [6],
and having great economic costs which burden on the national
health care systems of countries around the world [7].

Therefore, there is an increasing demand to develop joint
technological solutions for pollution monitoring and management.
Undeniably, a holistic approach combining cutting-edge technolo-
gies in sensor development can envisage the construction and
assembling of smart analytical tools able to characterise the extent
of contamination at relevant spatial scales and in terms of its eco-
effects, and to provide an inclusive and representative picture of
the quality of the environment [8]. Indeed, while the presence and
the effects of metals, bacteria, hydrocarbons, nitrates and ammonia
inwater have been described for several decades, the occurrence of
phthalates, pharmaceuticals compounds, PAHs, PCBs, and Bisphe-
nol A is often not available.

As extensively reviewed by Geissen and coworkers [9], there are
several challenges regarding the detection of hazardous chemicals.
Among them, spatial and temporal distribution is also important,
since intra-day and inter-day variations, seasonality and occasional
events can influence the attainment of a harmonised screening. In
this context, the exploitation of conventional analytical techniques
to monitor hazardous chemicals requires the collection of repeated
spot sampling (time and cost consuming), their analyses done by
laboratory set-up instruments, with the evaluation of the risks/ef-
fects, providing only snapshot data of contaminated areas without
realistic information on spatio-temporal variations in the compo-
sition of real samples and their relative effects. Among standard
techniques, chromatographic methods have provided reliable
identification and quantification of compounds at ultratrace level,
but their high cost and lack of portability for in field analysis are the
major drawbacks. Moreover, obstacles related to classical technol-
ogies (i.e. time and cost consuming repeated spot sampling, sample
collection and transport, employment of skilled personnel, failing
in providing data on global toxicity) could have detrimental im-
plications in terms of regulatory analyses and accurate monitoring
of environmental quality.

In this context, (bio)sensor technology allows to design ad hoc
analytical systems which include a combination of advantages, in
terms of reduced time-to-result; automation and miniaturisation,
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